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Introduction 

The  key  objectives  of  these  studies  are  to  determine  the  neurotoxic  risks  of  combining 
inhibitors  of  acetylcholinesterase  (AChE)  enzymes  and  blockers  of  N-methyl-D-aspartate 
receptor  or  channels  (NMDAr/c).  As  more  drugs  are  being  developed  that  are  NMDAr/c 
antagonists,  therapeutic  combinations  are  likely  to  occur  in  military  or  civilian  settings.  For 
example,  these  may  be  used  in  combination  to  prevent  toxicity  from  chemical  warfare  that  act  on 
AChE  enzymes  (e.g.,  soman),  or  to  treat  symptoms  of  exposure  to  these  agents.  There  are  three 
approaches  with  which  we  are  attacking  these  objectives: 

1.  We  have  used  electrophysiological  studies,  including  patch  clamp  recordings  of  single 
neurons,  to  test  the  hypotheses  proposed  regarding  the  mechanisms  by  which  NMDA  r/c 
antagonist-mediated  toxicity  occurs.  We  used  rat  brain  slices  that  include  posterior 
cingulate/retrosplenial  cortecies  (PC/RSC)  and  parietal  cortex  to  test  the  hypothesis  that  MK-801 
produces  neurotoxicity  by  disrupting  GABAergic  inhibition,  and  that  this  disruption  is  greater  in 
the  PC/RSC  than  other  cortical  areas.  Our  results  are  consistent  with  these  hypotheses. 
Specifically,  it  has  been  hypothesized  that  a  decrease  in  excitatory  drive  to  intemeurons  caused 
by  NMDA  antagonists  could  result  in  disinhibition  of  principal  cells  and,  in  turn,  this 
disinhibition  (and  resulting  hyperexcitability)  might  be  responsible  for  neurotoxicity  or 
neurodegeneration. 

We  examined  the  effects  of  the  NMDA  receptor  antagonist,  MK-801,  on 
GABAA-mediated  inhibitory  post-synaptic  currents  (IPSCs)  of  pyramidal  neurons  in  the 
retorsplenial  cortex  (RSC),  an  area  showing  a  great  sensitivity  to  MK-801 -induced  neuronal 
death.  Using  whole-cell  patch  clamp  techniques,  bicuculline-sensitive  IPSCs  were  isolated  and 
recorded  from  biocytin- labeled  pyramidal  neurons  in  the  RSC  and  parietal  cortex  of  young  rats. 
Bath  application  of  MK-801  (10-40pM)  caused  a  concentration-dependent  decrease  in  frequency 
of  spontaneous  IPSCs  in  the  majority  of  recorded  pyramidal  cells;  MK-801  also  reduced  the 
amplitude  of  evoked  GABAa  receptor-mediated  IPSCs  in  pyramidal  neurons  recorded  in  layer 
II- VI.  When  compared  to  pyramidal  neurons  in  the  parietal  cortex,  MK-801  showed  a  greater 
inhibitory  effect  on  IPSCs  in  the  RSC.  This  finding,  too,  is  consistent  with  the  proposed 
hypothesis  regarding  anatomical  vulnerabilities. 

2.  Photodiode  images  of  voltage-sensitive  dye-treated  slices  were  used  to  assess  acute 
changes  across  cell  layers  in  the  posterior  cingulate/retrosplenial  cortecies  to  test  possible 
neurotoxic  combinations.  Preliminary  findings  suggest  that  MK-801  at  a  low  concentration 
(3pM)  causes  depolarization  in  brain  slices  from  adult  rats  that  include  the  posterior  cingulate 
gyrus  or  retrosplenial  cortex,  whereas  pyridostigmine  (lOOpM)  is  inhibitory. 

3.  Histological  measures  were  used  to  assess  neurotoxicity  after  in  vivo  exposure  to  drug 
combinations.  The  most  successful  histological  method  we  used  was  the  new  stain,  Fluoro-Jade. 
In  preliminary  studies,  we  have  found  that  MK-801  (0.3-3  mg/kg,  s.c.)  produces 
neurodegeneration  in  the  posterior  cingulate  gyrus  and  retrosplenial  cortex.  Given  alone, 
pyridostigmine  bromide  (PB)  (0.1  mg/kg)  produces  no  neurodegeneration.  Given  in  combination 
with  MK-801,  PB  does  not  appear  to  produce  gross  enhancement  of  the  neurodegeneration 
caused  by  MK-801  (0.3  mg/kg).  (In  several  animals,  PB  appeared  to  be  slightly  protective; 
however,  the  responses  were  quite  variable,  and  more  animals,  different  doses,  and  different 
orders  of  administration  must  be  tested  to  rule  out  windows  of  synergistic  neurotoxicity.) 
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Body 


During  this  reporting  period  the  following  studies  have  been  carried  out: 


A.  MK-801,  an  NMDA  Receptor  Antagonist,  Modulates  the  Inhibitory 
Postsynaptic  Currents  (IPSCs)  in  Pyramidal  Neurons  in  the  Rat 
Cingulate  and  Retrosplenial  Cortecies. 


B.  Using  Voltage  Sensitive  Dyes  to  Image  the  Effect  of  an  NMDA 

Antagonist  and  Pyridostigmine  in  the  Rat  Cingulate  Gyrus  and 
Retrosplenial  Cortex 


C.  Using  Fluoro-Jade  Staining  to  Measure  Interactions  between 
NMDA  Antagonists  and  Acetylcholinesterase  Inhibitors 
in  the  Rat  Cingulate  Gyrus  and  Retrosplenial  Cortex 
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Abstract 

A  decrease  in  the  excitatory  drive  to  intemeurons  caused  by  TV-methyl-D  -  asp  artate 
(NMD A)  antagonists  could  cause  disinhibition  of  the  principal  cells  and,  in  turn,  this 
disinhibition  (resulting  in  hyperexcitation)  might  be  responsible  for  neurotoxicity  or 
neuronal  degeneration.  In  the  present  study,  we  examined  the  effects  of  the  NMDA 
receptor  antagonist,  MK-801,  on  GABAA-mediated  inhibitory  post-synaptic 
currents  (IPSCs)  of  pyramidal  neurons  in  the  retrosplenial  cortex  (RSC).  Using 
whole-cell  patch  clamp  techniques,  bicuculline-sensitive  IPSCs  were  isolated  and 
recorded  from  biocytin-labeled  pyramidal  neurons  in  the  RSC  and  parietal  cortex  of 
rats  (P14-25).  At  the  holding  potential  of  -5  to  +30  mV,  bath  application  of  MK-801 
(10-40pM)  caused  a  dose-dependent  decrease  in  frequency  of  spontaneous  IPSCs  in 
the  majority  of  recorded  pyramidal  cells;  MK-801  also  reduced  the  amplitude  of 
evoked  GABAa  receptor-mediated  IPSCs  in  pyramidal  neurons.  When  compared  to 
pyramidal  neurons  in  the  parietal  cortex,  MK-801  showed  a  greater  inhibitory  effect 
on  IPSCs  in  the  RSC.  In  the  presence  of  0.5  pM  tetrodotoxin  (TTX),  the  amplitude 
and  frequency  of  the  miniature  IPSCs  (mIPSCs)  were  not  affected  by  bath 
application  of  MK-801  (40pM).  The  present  results  suggest  that  NMDA  receptors 
regulate  spontaneous  activity  of  inhibitory  intemeurons  and  thereby  GABA  release 
in  specific  cortical  areas.  Therefore  blockade  of  NMDA  receptors  causes  a  region- 
specific  decrease  in  inhibitory  input  to  pyramidal  cells.  This  effect  may  explain  in 
part  the  regional  neurotoxicity  of  NMDA  receptor  antagonists. 
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Introduction 

Excessive  release  of  glutamate  with  subsequent  over-activation  of  N-methyl-D-aspartate 
(NMD A)  receptors  is  thought  to  be  responsible  for  neuronal  injury  or  damage  under 
certain  pathological  conditions  (Rothman  and  Olney  1986,  1987).  Accordingly,  in  an 
attempt  to  attenuate  glutamate-mediated  neurotoxicity,  several  NMD  A  receptor 
antagonists  have  been  tried  in  a  range  of  animal  models  and  clinical  trials  including 
epilepsy  (Avoli  and  Olivier  1987)  and  ischemia  (Aitken  et  al,  1988,  Ford  et  al,  1989,  Rod 
and  Auer,  1989).  Among  selective  NMD  A  antagonists,  MK-801  (dizocilpine-maleate),  a 
non-comparative  NMDA  channel  blocker,  has  been  widely  used  to  investigate  the 
involvement  of  NMDA  receptors  in  these  pathological  conditions  and  has  shown  some 
beneficial  effects  in  animal  models  by  preventing  or  reducing  neuronal  injury  and 
damage.  However,  in  clinical  trials,  some  NMDA  antagonists  produced  unpleasant  side 
effects  that  significantly  limited  their  tolerability  in  humans.  The  mechanism  of  these  side 
effects  is  not  completely  understood  but  one  possible  mechanism  has  been  described  by 
Olney  and  his  colleagues  who  discovered  that  certain  NMDA  antagonists  caused 
neurotoxicity  in  selected  areas  of  the  rat  brain.  (Olney  et  al  1989,  1991). 

As  one  important  limbic  component  of  the  mammalian  brain,  the  cingulate  cortex  is  a  key 
area  implicated  in  emotion  and  many  neuropsychiatric  disorders  (Cummings,  1993  ).  In 
addition,  the  cingulate  and  retrospleninal  cortex  (RSC)  of  rats  are  selectively  susceptible 
to  the  toxic  effects  of  MK-801,  compared  with  other  brain  areas  examined  (Olney  et  al, 
1990,  Allen  and  Iversen,  1990,  Horvath  et  al,  1997).  The  pathomorpho logical  changes  in 
rats  treated  with  MK-801  varied  from  dilation  of  mitochondria  and  endoplasmic 
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reticulum  at  low  doses  and  to  neuronal  death  in  high  doses  (Olney  et  al  1989,. Fix  et  al 
1995,  Olney  et  al  1991,  Horvath  et  al,  1997).  Based  on  these  surprising  findings,  Olney  et 
al  (1995)  hypothesized  that  prolonged  inactivation  of  NMDA  receptor  function  by 
NMDA  antagonists,  such  as  MK-801,  phencyclidine  (PCP)  and  ketamine,  resulted  in 
NMDA  receptor  hypofunction,  which  disrupted  the  balance  between  excitation  and 
inhibition  and  led  to  excitotoxic  neuronal  injury  in  selected  brain  regions  including  the 
RSC  (Grunze  et  al,  1996). 

Although  evidence  derived  from  a  number  of  in  vivo  studies  have  supported  the  NMDA 
receptor  antagonist  induced  disinhibition  hypothesis  originally  proposed  by  Olney  et  al 
(1991),  a  direct  in  vitro  test  of  this  hypothesis  has  not  been  done  yet.  In  the  present  study,  we 
utilized  whole-cell  patch  clamp  recording  techniques  and  examined  the  effects  of  the 
NMDA  receptor  antagonist,  MK-801,  on  the  GAB  Aa  receptor-mediated  IPSCs  of  pyramidal 
neurons  in  the  RSC.  We  provided  a  direct  electrophysiological  evidence,  for  the  first  time, 
that  blockade  of  NMDA  receptors  by  MK-801  caused  a  decrease  in  inhibitory  synaptic  drive 
to  pyramidal  cells  in  the  RSC.  In  addition,  there  are  also  regional  differences  in  this  effect 
that  may  help  explain  specific  anatomical  vulnerabilities.  Some  preliminary  results  of  the 
present  work  have  been  published  in  abstract  form  (Li  et  al,  2000). 
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Materials  and  Methods 
Cortical  slices 

Cortical  slices  were  prepared  from  young,  male  Sprague-Dawley  rats  (P15-P25).  Rats 
were  iosflurane- anesthetized  and  decapitated.  The  brains  were  quickly  removed  from  the 
skulls  and  placed  in  a  cold  (4°C)  artificial  cerebrospinal  fluid  (ACSF)  containing  (in  mM) 
120  NaCl,  3.3  KC1,  1.23  NaH2P04, 1.2  MgS04)  1.8  CaCl2  and  10  D-Glucose  at  pH  7.3, 
previously  saturated  with  95%02/5%C02.  Coronal  cortical  slices  containing  retrosplenial 
granule  cortex  (RSC)  (Paxinos  and  Watson,  1986)  (300pm  thickness)  were  cut  with  a 
vibratome  (Campden,  Model  752,  England)  and  incubated  in  a  holding  chamber 
continuously  bubbled  with  95%  02/5%  C02  at  room  temperature  (20-24°C). 

Whole  Cell  Voltage-clamp  recording 

Our  whole-cell  patch  clamp  techniques  have  been  described  in  our  previous  publication 
(Mott  et  al,  1999).  For  recording,  patch  pipettes  were  pulled  from  borosillicate  glass 
capillary  tubing  (1.5mm  O.D.,  1.05  mm  I.D.,  World  Precision  Instrument,  Sarasota,  FL) 
on  a  Flaming-Brown  horizontal  microelectrode  puller  (Model  P-87,  Sutter  Instrument  Co, 
Novato,  CA).  Pipettes  were  filled  with  an  intracellular  solution  containing  (in  mM)  130 
Cs-Gluconate,  7  CsCl,  10  N-2-hydroxyethylpiperazme-N,N,N\N’-tetmacetic  acid 
(HEEPS),  4  Mg- ATP  (pH=7.25).  The  quaternary  lidocaine  derivative  QX-314  (4mM) 
(Sigma  Chemical  Co.,  St  Louis,  MO)  was  also  included  to  suppress  fast  sodium  currents. 
Osmolarity  was  adjusted  to  270-290  mOsm.  Pipette  resistances  generally  were  in  the 
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range  of  4-7M  Q.  0.3~  0.4%  Biocytin  (Sigma  Chemical  Co.,  St  Louis,  MO)  was  also 
added  to  the  intracellular  solution  for  later  visualization  of  the  morphology  of  the 
recorded  cells. 

After  >  1  hour  of  incubation  in  the  holding  chamber,  the  slice  was  transferred  into  a  small 
submersion  chamber  maintained  at  room  temperature  (20-24°C)  and  secured  in  place 
with  a  bent  piece  of  platinum  wire  resting  on  the  top  of  the  slice.  Individual  cells  were 
visualized  using  an  infrared  differential  interference  contrast  (IR-DIC)  Zeiss  Axioskop 
microscope  and  a  40X  water  immersion  objective.  Tight  seals  (>1G  Q)  were  obtained  on 
a  pyramidal-shaped  cell  and  whole  cell  recordings  were  made  after  rupturing  cell 
membrane  with  gentle  suction.  After  the  establishment  of  the  whole-cell  recording 
configuration,  stable  long  lasting  tight-seal  recordings  were  achieved  in  most  cases. 
Spontaneous  and  evoked  EPSCs  were  recorded  continuously  using  an  Axopatch  1-D 
amplifier  (Axon  Instrument  Inc,  Foster  City,  CA).  Output  current  signals  were  DC- 
coupled  to  a  digital  oscilloscope  (Nicolet  Model  410).  Series  resistance  was  monitored 
throughout  the  recordings  and  a  cell  was  discarded  if  it  changed  significantly.  In  addition, 
a  PCM/VCR  recorder  (Model  400,  A.R.  Vetter  Co,  Rebersburg,  PA)  was  used  to  capture 
all  tracings  of  synaptic  events  for  off-line  analysis  and  archiving.  The  stored  signal  was 
further  analyzed  using  Strathclyde  Electrophysiology  Software  Whole  Cell  Program 
(Courtesy  of  Dr.  John  Dempster)  with  an  interface  (BNC-2090,  National  Instruments, 
Austin,  TX)  to  a  PC-based  computer. 

Electrical  stimulation 
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A  monopolar  tungsten  electrode  (A-M  system,  Inc,  Carlsborg,  WA)  was  placed  about 
50~70  pm  lateral  to  the  soma  of  the  recorded  pyramidal  cells.  The  stimulus  threshold  was 
first  determined  by  increasing  intensity  (5-120  pA)  of  rectangular  wave  pulse  until 
detectable  responses  occurred.  Then  constant  current  rectangular  stimulus  pulses  4  times 
higher  than  threshold  intensity  with  a  duration  of  0.1ms  and  interval  of  0.0166Hz  were 
delivered  through  the  electrode  by  an  isolated  stimulator  (Grass  S88,  Grass  Instrument 
CO,  Quincy,  MA). 

Histological  identification  of  pyramidal  cells. 

During  recording,  pyramidal  cells  were  filled  with  Biocytin.  After  the  end  of  the 
recording  the  slice  was  allowed  to  stay  in  the  recording  chamber  for  an  additional  10-20 
minutes  for  biocytin  transport  within  the  axon.  The  slices  were  then  placed  overnight  in 
4%  paraformaldehyde  and  0.05%  gultaraldehyde  in  0.1M  phosphate  buffer  saline  (PBS). 
The  slices  were  washed  thoroughly  in  PBS  and  were  incubated  in  0.1  M  Tris-buffered 
saline  (TBS)  containing  1%  H202  for  30  minutes.  The  slice  were  then  incubated  with 
avidin-biotin-peroxidase  complex  (ABC  kit,  Vector  Labs,  Burlingame,  CA)  in  TBS 
containing  0.05%  Triton  X-100  overnight  at  4°C.  The  slices  were  then  rinsed  3  times  in 
PBS  and  then  reacted  in  a  solution  containing  DAB  (DAB  kit,  Vector  Labs,  Burlingame, 
CA).  The  slices  were  then  cleared  and  mounted.  The  morphology  of  the  biocytin-filled 
pyramidal  cells  was  examined  under  light  microscope  and  pyramidal  cells  were  drawn 
using  a  camera  lucida. 
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Statistical  analysis  of  data  and  drug  application 

Data  were  analyzed  off-line  using  the  Strathclyde  Electrophysiological  Software.  The 
Kolmogorov-Sminove  (K-S)  statistical  test  was  used  to  compare  two  different  cumulative 
distributions  using  Origin  5.0  for  Windows  (MicroCal  Software,  Norththampton,  MA). 
Paired  and  unpaired  f-tests  and  one-way  ANOVA  tests  were  also  used,  when  appropriate. 
All  group  data  are  presented  as  mean  ±  SEM. 

MK-801  (dizocilpine  maleate)  and  tetrodo toxin  (TTX)  were  purchased  from  RBI 
(Research  Biomedical  International  (RBI),  Natick,  MA).  D-(-)2-amino-5- 
phosphonovaleric  acid  (D-AP5)  and  bicuculline  methiodine  (BMI)  were  purchased  from 
Sigma  (Sigma,  St,  Louis,  MO).  All  drugs  were  dissolved  directly  into  the  ACSF  and 
bath-applied  in  the  perfusion  medium. 
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Results 

Since  the  pyramidal  cells  are  found  mostly  between  layers  II  and  VI  of  the  neocortex,  we 
therefore  intentionally  investigated  these  cortical  strata  in  the  RSC.  Data  were  acquired 
from  53  pyramidal  cells  in  the  RSC  and  7  from  the  parietal  cortex.  Stable  whole  cell 
recordings  from  pyramidal  cells  lasted  from  50  min  to  3  hours.  Due  to  the  irreversible 
blockade  of  NMD  A  receptors  by  MK-801,  only  a  single  experiment  was  done  from  each 
cortical  slice  treated  with  MK-801 . 

Morphology  of  dendritic  and  axonal  arbors  of  pyramidal  cells  in  the  RSC 

The  morphology  of  each  recorded  cell  was  examined  with  biocytin  staining  to 
unambiguously  distinguish  pyramidal  cells  from  other  cell  types.  In  the  present  study,  we 
were  able  to  recover  histologically  ~90%  of  all  recorded  cells  in  the  RSC  areas.  Almost 
all  cells  initially  thought  to  be  pyramidal  cells  on  the  basis  of  their  triangular  shapes  of 
somata  and  long  apical  dendrites  projecting  toward  the  pial  surface  in  living  slice  were 
found  to  be  pyramidal  cells,  as  later  determined  by  biocytin  staining.  However,  two  cells 
were  confirmed  to  be  non-pyramidal  cells  based  on  their  axonal  and  dendritic 
arborization;  therefore,  their  electrophysiological  and  pharmacological  data  were  not 
included  in  this  study. 
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The  somata  of  biocytin-filled  pyramidal  cells  had  spherical,  ovoid  or  irregular  forms.  The 
dendritic  arbor  of  pyramidal  cells  in  the  RSC  was  characterized  by  a  long  apical  dendrite 
usually  extending  toward  to  the  pial  surface  where  it  typically  branched  extensively  to 
form  multiple  small  terminal  tufts  just  under  the  pial  surface.  Along  the  length  of  the 
apical  dendrites  are  numerous  oblique  branch  dendritic  collaterals.  Basal  dendrites 
extended  outward  from  the  lower  portion  of  the  soma  and  ascend  or  descended  with 
gradual  tapering.  The  axonal  arbor  of  pyramidal  cells  was  densely  distributed  around  the 
soma  and  also  extend  widely,  horizontally  and  vertically.  These  morphological 
characteristics  are  consistent  with  cortical  pyramidal  cells  described  elsewhere  (Kim  and 
Connors  1993,  Lubke  et  al,  1996,  Feldmeyer  and  Sakmann  2000,  Reyes  and  Sakmann 
1999).  Figure- 1  shows  a  camera  lucid  reconstruction  of  pyramidal  cells.  The  soma  of  this 
pyramidal  cell  is  located  in  layer  IV/V  and  it  sends  a  long  axon  projecting  to  contralateral 
side  across  the  corpus  callosum  (Sripanidakulchai  and  Wyss  1987). 

MK-801  decreases  spontaneous  IPSC  frequency  of  pyramidal  cells  in  the  RSC 

Spontaneous  IPSCs  were  recorded  from  pyramidal  cells  in  the  RSC  using  whole-cell 
voltage  clamp  techniques,  with  a  holding  potential  of +10  or  +30mV  and  a  calculated  Eci 
of  -41mV  for  the  internal  solution  used.  Under  these  experimental  conditions,  the  sIPSCs 
were  inward  currents  at  a  holding  potential  of-70mV  (Figure-2A)  and  were  robust 
outward  currents  at  a  holding  potential  of  +30mV  (Figure-2B).  A  plot  of  the  evoked  post- 
synaptic  currents  amplitude  against  holding  potential  (Figure-2D)  indicated  an  x-intercept 
of-40mV,  closely  approximating  the  calculated  reversal  potential  of  Ecl  (Figure-2E).  In 
addition,  the  recorded  sIPSCs  were  abolished  by  bath  application  of  a  selective  GABAa 
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receptor  antagonist,  bicuculline  methiodide  (BMI)  (20pM)  (Figure-2C).  These  results 
indicated  that,  under  these  conditions,  the  recorded  IPSCs  were  mediated  by  the 
activation  of  GABAa. 

Effects  of  MK-801  on  sIPSCs  of  pyramidal  cells  recorded  from  the  RSC  are 
demonstrated  in  Figure-3  and  4.  Figure-3  shows  a  pyramidal  cell  recorded  from  layer  V 
and  its  morphology  is  shown  in  Figure-3C.  At  a  holding  potential  of  +30mV,  the 
recorded  IPSCs  were  outward  currents  (Figure-3  A,  top  panel).  The  IPSCs  were  abolished 
by  bath  application  of  BMI  (20pM)  and  recovered  partially  on  washout  (Figure-3  A, 
lower  panels).  Bath  application  of  the  NMDA  antagonist,  MK-801  (40pM),  caused 
significant  decreases  in  the  frequency  and  amplitudes  of  sIPSCs  in  this  pyramidal  cell 
(Figure-3A).  The  cumulative  probability  distributions  for  these  changes  were  shown  in 
Figure-3 B.  As  shown  in  Figure-3B,  bath  application  of  MK-801  produced  a  rightward 
shift  in  the  distribution  of  sIPSCs  intervals  (figure-3B,  left  panel),  indicating  a  decrease 
in  frequency  (K-S  test,  PO.Ol).  In  addition,  sIPSCs  amplitudes  were  also  reduced 
significantly  (K-S  test,  PO.OOl),  as  shown  in  Figure  3B  (right  panel). 

Figure-4  shows  a  pyramidal  cell  recorded  from  layer  III  in  the  RSC.  Similar  to  the 
pyramidal  cell  shown  in  Figure-3,  this  layer  III  pyramidal  cell  also  responded  to  bath 
application  of  MK-801  (40  pM)  with  a  significant  decrease  in  the  frequency  of  sIPSCs 
(Figure-4A,  4B).  Amplitudes  of  sIPSCS  were  also  attenuated  by  MK-801.  Although 
sIPSCs  with  a  larger  amplitude  dominated  in  this  layer  IE  pyramidal  cell,  the  morphology 
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of  this  pyramidal  cell,  as  shown  in  Figure-4D,  is  similar  to  that  of  the  pyramidal  cell 
illustrated  in  Figure-3C. 

We  pooled  data  obtained  from  pyramidal  cells  recorded  in  layers  II  to  VI  of  the  RSC. 
When  a  dose  of  40  pM  MK-801  was  employed,  the  mean  inter-event  interval  was  1.06  ± 
0.24s  in  control  and  2.47  ±  0.35s  after  bath  application  of  MK-801  (p<0.05,  paired  t  test; 
n=12).  Overall,  a  decrease  in  the  frequency  of  sIPSCs  was  observed  in  80%  pyramidal 
cells  after  application  of  MK-801  (10-40  pM).  In  the  remaining  pyramidal  cells,  the 
responses  to  application  of  MK-801  varied  from  a  slightly  decrease  in  the  frequency  of 
sIPSCs  (n=2)  to  no  responses  (n=l)  to  bath  application  of  MK-801. 

We  also  examined  the  concentration-dependence  of  MK-801 -induced  decreases  in  the 
frequency  of  sIPSCs  of  pyramidal  cells.  We  used  three  concentration  of  MK-801 : 10,  20 
and  40pM.  One  example  of  the  dose  dependence  of  the  effect  is  shown  in  Figure-5.  In 
this  pyramidal  cell  whose  soma  is  located  in  layer  VI  (Figure-5B),  an  increase  in  the 
concentration  of  MK-801  from  10  to  40pM  results  in  a  graded  decrease  in  the  frequency 
of  sIPSCs  as  demonstrated  in  Figure-5  A,  in  which  cumulative  inter-event  intervals  shift 
to  the  right.  The  mean  inter-event  intervals  were  1.1  ±  0.24s  in  control,  1.31  ±  0.13s,  1.97 
±  0.35  and  2.43  ±  0.26  after  bath  application  of  MK-801  at  the  concentration  of  10,  20 
and  40pM,  respectively  (p  <  0.05,  one-way  ANOVA;  n=4).  In  addition,  inhibitory  effects 
of  MK-801  on  sIPSCs  recorded  from  those  cells,  which  were  treated  with  only  single 
concentration  of  either  10  or  40pM,  were  compared.  As  expected,  40pM  of  MK-801 
showed  greater  inhibition  on  sIPSCs  than  lOpM. 
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In  addition,  we  also  tested  the  effect  of  a  widely  used  competitive  NMDA  receptor 
antagonist,  D-AP5.  Similar  to  MK-801,  D-AP5  (50pM)  significantly  decreased  the 
frequency  of  sIPSCs  in  two  pyramidal  cells  tested  (data  not  shown). 


MK-801  reduced  amplitude  of  evoked  IPSCs  in  pyramidal  cells  in  the  RSC 

In  these  experiments,  pyramidal  cells  were  held  at  +5  to  +30mV  and  an  outward  current 
was  evoked  a  pulse  delivered  to  the  brain  slice  via  a  stimulating  electrode  (see  Methods). 
These  outward  currents  were  abolished  by  bath  application  of  GABAa  receptor 
antagonist,  BMI  (20pM)  indicating  that  they  are  mediated  by  GABAa  receptor  (Figure- 
6A).  These  currents  will  be  referred  to  simply  as  evoked  IPSCs  (elPSCs). 

With  the  glutamatergic  system  uninterrupted,  the  evoked  IPSCs  were  considered  to  be 
polysynaptic  in  origin.  These  polysynaptic  elP SCs  could  represent  a  direct  or  indirect 
activation  of  local  circuitry  in  which  GABAergic  intemeurons  play  a  critical  role  in 
regulating  activity  of  excitatory  neurons  (Kawaguchi  1995,  Kawaguchi  and  Kubota 
1996).  The  effects  of  MK-801  on  elPSCs  were  shown  in  Figure-6B;  these  responses  were 
gradually  but  significantly  reduced  by  bath  applied  MK-801.  This  effect  is  shown  by  the 
recording  from  a  layer  IV  RSC  pyramidal  cell  illustrated  in  Figure-6B.  At  a  holding 
potential  of  +5mV,  it  was  first  recorded  for  10  minutes  as  control  before  bath  application 
of  MK-801.  Five  minutes  after  addition  of  MK-801  (40pM),  the  elPSCs  began  to  decline, 
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and  reached  a  minimum  amplitude  30  minutes  post-treatment.  Amplitudes  of  elPSCs 
were  reduced  from  l.OnA  to  0.5nA  (50%  of  control).  The  elPSC  was  blocked  by  bath 
application  of  BMI  (20pM)  and  recovered  upon  washing  out  BMI.  Overall, 

MK-801  (40pM)  significantly  reduced  evoked  responses  to  51  ±  8%  of  control  (n=14; 
p<0.05,  paired  t  test).  In  addition,  MK-801  decreased  the  amplitude  of  elPSCs  in  a  dose- 
dependent  manner.  The  results  of  these  experiments  suggested  that  NMDA  receptor 
antagonist,  MK-801,  reduces  the  evoked  release  of  GABA  from  intemeurons  due  to 
either  a  direct  reduction  in  synaptic  excitability  or  by  a  decrease  in  excitatory  drive  to 
intemeurons  in  the  cortex. 

Comparison  of  effects  of  MK-801  on  sIPSCs  and  elPSCs  of  pyramidal  cells  recorded 
in  the  RSC  and  the  parietal  cortex 

Several  whole  animal  studies  have  demonstrated  that  pathomorphological  changes 
induced  by  MK-801  occur  in  the  different  areas  of  the  brain,  but  with  different  sensitivity 
to  MK-801  among  the  affected  areas  (Olney  1990,  Horvath  et  al,  1997).  When  the  same 
dosages  were  administered  intraperitoneally,  MK-801  causes  more  severe  damage  to 
neurons  in  the  RSC,  compared  to  neuronal  injury  occurred  in  other  cortical  areas.  To 
determine  whether  sIPSCs  and  elPSCs  in  pyramidal  cells  recorded  from  the  RSC  were 
more  greatly  inhibited  than  those  recorded  from  other  brain  regions,  we  recorded  sIPSCS 
from  7  pyramidal  cells  in  the  parietal  cortex,  an  area  less  sensitive  to  MK-801 -induced 
damage  in  vivo  studies  (Olney  et  al,  1991,  Hovrath  et  al  1997).  We  chose  to  use  40pM 
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MK-801  in  order  to  evoke  a  maximum  inhibitory  effect  on  sIPSCs  of  pyramidal  cells  in 
the  RSC  and  parietal  cortex. 

Similar  to  inhibitory  effects  observed  in  the  RSC,  MK-801  also  reduced  the  frequency  of 
sIPSCs  of  pyramidal  cells  in  the  parietal  cortex.  Figure-7  shows  the  effect  of  MK-801  on 
sIPSCs  of  a  parietal  pyramidal  cell,  whose  soma  was  located  in  layer  V  (Figure-7C). 
sIPSCs  were  bicuculline-sensitive  and  were  reduced  by  MK-801  (40pM)  (Figure-7 A). 
MK-801  significantly  increased  inter-event  intervals  (K-S  test,  P<0.05,  Figure-7B,  left 
panel),  but  had  no  significant  effect  on  cumulative  amplitude  distribution  (K-S  test, 
P>0.05  Figure-7B.  right  panel).  Overall,  MK-801  significantly  reduced  sIPSCs  in  only  4 
out  of  7  (57%)  pyramidal  cells  in  the  parietal  cortex,  compared  to  80  %  of  those  in  the 
RSC  areas.  Furthermore,  among  the  remaining  pyramidal  cells,  MK-801  slightly,  but  not 
significantly  decreased  sIPSCs  in  2  and  had  no  effect  on  another  cell.  Figure-8A  shows 
that  there  is  a  significantly  great  depression  of  sIPSC  frequency  by  MK-801  in  the  RSC 
vs.  the  parietal  cortex  (Unpaired  t-test,  P<0.05),  indicating  that  MK-801  caused  a  greater 
disinhibition  of  pyramidal  cells  in  the  RSC. 

Similar  results  were  also  found  on  evoked  IPSCs  of  pyramidal  cells  in  the  parietal  cortex 
(Figure-8B).  At  a  holding  potential  of  +30mV,  the  average  amplitude  of  elPSCs  was 
decreased  to  72  ±  5.9%(n=5)  of  control  after  bath  application  of  40  pM  of  MK-801. 
However,  under  the  same  conditions,  the  mean  amplitude  of  elPSCs  of  pyramidal  cells 
recorded  from  the  RSC  was  decreased  to  52%  ±  6.4%  (n=8)  of  control.  There  is 
significant  difference  between  two  groups  (P<0.05,  unpaired  t  test). 
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MK-801  did  not  inhibit  mIPSCs  of  pyramidal  cells  in  the  RSC 

The  results  described  above  demonstrated  that  a  block  of  the  NMDA  receptor  by 
antagonist  MK-801  reduced  GABAA-receptor  mediated  IPSCs  in  RSC  pyramidal  cells.  In 
order  to  distinguish  if  the  decrease  of  sIPSCs  and  eEPSCs  in  pyramidal  cell  was  due  to  a 
reduction  of  action  potential  dependent  or  action  potential  independent  mechanisms,  we 
used  tetrodotoxin  (TTX),  a  Na+  channel  blocker,  to  block  those  synaptic  events  that  are 
dependent  on  action  potentials.  Under  such  conditions,  synaptic  responses  obtained  in  the 
presence  of  TTX  will  be  referred  to  as  miniature  IPSCS  (mIPSCs). 

We  have  investigated  the  effect  of  MK-801  on  mIPSCs  of  5  pyramidal  cells  in  the  RSC 
and  found  that  MK-801  did  not  affect  mIPSC  frequency  or  amplitude.  Figure-9A 
demonstrates  sIPSCs  recorded  from  a  pyramidal  cell  in  layer  III  before  and  after 
application  of  TTX  (0.5pM).  As  this  figure  shows,  TTX  caused  a  decrease  in  the  average 
sIPSCs  amplitude,  indicating  that  significant  portion  of  the  sIPSCs  was  due  to  action 
potential-dependent  GABA  release  from  inhibitory  intemeurons.  In  the  presence  of  TTX 
and  at  a  holding  potential  of  +30mV,  the  average  frequency  of  mIPSCs  of  pyramidal  cells 
was  4.5  ±  0.26/s  and  the  mean  amplitude  was  35  ±  6.2pA  (n=5).  After  pretreatment  of  a 
cortical  slice  with  TTX  for  more  than  30min,  bath  application  of  MK-801  (40  pM)  had 
no  effect  on  the  frequency  and  amplitude  of  mIPSCs  (Figure-9  A).  In  contrast  to  the 
effects  of  MK-801  on  spontaneous  IPSCs,  there  was  no  significant  change  neither  in 
cumulative  probability  distribution  of  the  frequency  (Figure- 9B,  left  panel)  nor  amplitude 
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of  mIPSCs  (Figure- 9B,  right  panel)  after  bath  application  of  MK-801  (K-S,  P>0.05,). 
These  results  indicated  that  MK-801  exerts  its  inhibitory  effect  on  IPSCs  of  pyramidal 
cells  through  an  action  potential  dependent  mechanism. 
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Discussion 

Using  whole-cell  patch  clamp  techniques  combined  with  morphologically  identification 
of  neurons  in  a  brain  slice  preparation,  we  have  investigated  the  effect  of  the  non¬ 
competitive  NMD  A  receptor  antagonist  MK-801  on  spontaneous  and  evoked  inhibitory 
post-synaptic  currents  in  the  pyramidal  cells  in  the  RSC  of  male  rats.  The  results  of  the 
present  study  demonstrate  that  GABAa  receptors-mediated  synaptic  transmission  in 
cortical  pyramidal  cells  is  modulated  by  MK-801  through  blockade  of  NMD  A  receptor 
mediated  events.  These  observations  suggest  that  NMDA  receptors  mediated  excitation 
of  intemeurons  facilitates  spontaneous  and  evoked  GABAergic  inhibition  of  pyramidal 
cells  in  the  retrosplenial  cortex. 

The  modulation  of  GABAergic  inhibition  by  MK-801  parallels  the  regional 
neurotoxicity  of  MK-801  in  vivo  models 

MK-801  has  neuroprotective  effects  in  certain  CNS  disorders  (Foster  et  al,1988;  Dimagl 
et  al,  1990,  Tomitaka  et  al,  2000),  but  MK-801  also  affects  cognition  (Sams-Dodd  1997) 
and  temperature  regulation  (Colboume  et  al,  1999).  Furthermore,  neurotoxic  effects  are 
induced  by  prolonged  MK-801  blockage  of  NMDA  receptors.  Several  independent 
studies  have  confirmed  that  chronic  injection  of  a  low  dosage  of  MK-801  or 
phencyclidine  (PCP)  into  the  rats  causes  a  vacuolization  of  neuronal  cytoplasm  in  the 
posterior  cingulate  cortex/retrosplenial  cortex,  but  this  vacuolization  may  reflect 
transient,  not  permanent  neurotoxicity.  However,  severe  or  irreversible  neuronal  damage 
usually  occurs  following  a  high  dose  or  repetitive  administration  of  a  low  dosage  (Olney 
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et  al,  1989,  Horvath  et  al,1997).  In  these  studies,  there  are  clear  regional  differences  in 
the  susceptibility  to  MK-801  neurotoxicity.  The  RSC  is  found  to  be  more  susceptible  to 
MK-801  than  other  cortical  areas  insults  (Olney  et  al  1989,  Horvath  et  al,  1997)  with 
larger  numbers  of  degenerating  cells  observed  in  this  area  in  silver  stains  (Horvath  et  al, 
1997). 

In  our  study,  we  also  found  evidence  of  regional  differences  in  the  disinhibitory  effects  of 
MK-801  that  are  similar  to  those  seen  in  histological  studies.  When  40  pM  of  MK-801 
was  used,  sIPSCs  of  pyramidal  cells  in  RSC  were  significantly  decreased,  whereas 
sIPSCs  recorded  in  pyramidal  cells  of  the  parietal  cortex.  Although  it  is  unknown  what 
causes  this  selective  vulnerability  in  different  brain  regions,  the  largest  increase  in 
glucose  utilization  after  MK-801  treatment  occurs  in  the  entorhinal  and  cingulate  areas 
(Nehls  et  al,  1990,  Kurumaji  and  McCulloch,  1990,  Patel  and  McCulloch  1995) 
suggesting  that  these  areas  may  be  more  disinhibited  by  the  drug  than  other  cortex. 
Although  our  electrophysiological  data  cannot  confirm  the  selective  vulnerability  to  cell 
injury  in  different  brain  regions,  they  provide  a  potential  mechanism  to  help  explain  the 
selective  injury  to  the  RSC  if  indeed  MK-801  produces  greater  disinhibition  in  the  RSC 
than  in  other  cortical  areas. 

MK-801  modulates  IPSC  of  pyramidal  cells  via  a  presynaptic  mechanism 

Reduction  of  inhibitory  transmission  by  NMDA  receptor  blockade  has  been  observed  in 
CA1  neurons  in  the  hippocampus  (Hablitz  and  Langmoen,  1986,  Cruntz  et  al,  1996)  and 
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the  basolateral  amygdala  (Rainnie  et  al,  1991).  In  rat  olfactory  bulb,  activation  of  NMD  A 
receptors  is  required  to  dendrodendritic  inhibition  (Schoppa  et  al,  1998).  These 
investigators  suggested  that  the  reduction  in  inhibitory  transmission  resulted  from  a  loss 
of  excitatory  drive  to  intemeurons  in  the  local  circuit. 

Our  findings  are  also  compatible  with  this  mechanism.  MK-801  definitely  reduced  the 
frequency  of  sIPSCS  and  the  amplitude  of  elPSCs,  but  did  not  affect  the  frequency  or 
amplitude  of  TTX  insensitive  mIPSCs.  This  argues  that  MK-801  did  not  affect  the 
postsynaptic  efficiency  of  released  GABA  and  did  not  affect  quantal  size  or  probability 
of  spontaneous  release  (Cohen  et  al  1992,  Hoffman  and  Lupica  2000).  MK-801  seemed 
to  affect  only  action  potential  dependent  GABA  release  compatible  with  an  effect  on 
either  action  potential  induced  calcium  influx  to  the  presynaptic  terminal  or  an  effect  on 
action  potential  initiation  or  propagation  in  inhibitory  intemeurons.  Consequently,  our 
future  experiments  will  focus  on  recording  the  effects  of  MK-801  on  the  synaptic 
currents  and  resting  spontaneous  activity  of  intemeurons. 

Functional  implications  for  disinhibition  of  cortical  interneurons  and  its  role  in 
neuronal  death 

Although  there  is  a  functional  diversity  in  these  cortical  pyramidal  cells,  these 
glutamatergic  excitatory  pyramidal  cells  and  GAB  Aergic  intemeurons  form  cortical 
networks,  in  which  pyramidal  cells  send  excitatory  drive  to  GABAergic  intemeurons  via 
excitatory  axon  collaterals.  GABAergic  intemeurons  also  have  axon  collaterals  projected 
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back  to  the  apical  dendrites  of  pyramidal  cells  to  form  reciprocal  connections  (Markram 
et  al,  1998,  Reyes  et  al,  1998)  Through  this  network,  intrinsic  excitability  of  apical 
dendrites  of  pyramidal  cells  are  regulated  by  inhibitory  inputs  since  the  spiking  patterns 
of  apical  dendrites  are  modified  by  EPSPs  recorded  from  the  apical  dendrites  (Kim  et  al, 
1995).  In  our  study,  pyramidal  cells  recorded  and  filled  with  biocytin  show  long  apical 
dendrites  projecting  to  surface  of  the  pia  with  many  oblique  dendrite  branches.  By 
preventing  excitatory  drive  to  inhibitory  circuits  in  the  neocortex,  one  would  expect  an 
attenuation  of  tonic  inhibitory  control  over  other  cortical  cells,  including  acetylcholine- 
containing  cells.  For  example,  blockade  of  glutamatergic  hippocampal-setptal  pathway 
by  MK-801  results  in  a  decrease  in  GABA  outflow  and  an  increase  of  acetylcholine 
outflow  in  rat  (Giovannini  et  al  1994).  Therefore,  the  above  mechanism  could  play  an 
important  role  in  mediating  neurotoxic  effects  induced  by  the  enhanced  cholinergic 
activity  caused  by  organophosphorous  nerve  agents  such  as  sarin  and  soman.  Therefore, 
any  attempts  to  prevent  neuronal  injury  by  administration  of  NMD  A  receptor  antagonists 
could  worse  neurodegenation  or  promote  brain  cells  death  to  the  subjects  who  have 
already  exposed  to  a  chemical  compound.  This  may  well  be  the  case  during  the  wartime 
on  military  personnel  or  a  biological  attack  on  civilians  during  the  peace-time. 


In  summary,  previous  neurotoxilogical  studies  (Olney  et  al,  1989,  1991,)  have  confirmed 
MK-801 -induced  neuronal  injury.  Based  on  electrophysiological  analysis  of  inhibitory 
postsynaptic  currents  recorded  from  morphologically  identified  pyramidal  cells  in  rat 
RSC,  we  have  demonstrated  that  NMDA  receptor  antagonist  MK-801  reduced  IPSCs  of 
pyramidal  cells.  The  effects  of  MK-801  on  pyramidal  cells  IPSCs  are  thought  to  be 
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through  a  direct  action  on  pre-synaptic  terminals  of  Gabaergic  intemeurons  by  affecting 
GABA  releases.  Our  electrophysiological  finding  supports  the  notion  that  blockage  of 
NMDA  receptors  by  MK-801  or  other  NMDA  receptor  antagonists  attenuate  or  diminish 
glutamatergic  neurons-activated  tonic  inhibition  and  disrupts  the  inhibitory  control  over 
other  neurons.  One  of  most  important  implications  regarding  MK-801  induced 
neurotoxicity  to  brain  cells  is  that  loss  of  GABAA-mediated  inhibition  (or  disinhibition) 
could  facilitate  massive  release  of  acetylcholine  from  cholinergic  neurons  in  the  brain  and 
leads  to  neuronal  death. 

Future  study 

Effect  of  MK-801  on  excitatory  postsynaptic  currents  (EPSCs)  in  cortical  intemeurons 
Significance  of  work: 

Our  electrophysiological  data  for  the  first  time  indicated  that  excitatory  drive  from 
excitatory  pyramidal  cells  to  inhibitory  intemeurons  can  be  modulated  by  MK-801.  MK- 
801  seemed  to  affect  only  action  potential  dependent  GABA  release  compatible  with  an 
effect  on  either  action  potential  induced  calcium  influx  to  the  presynaptic  terminal  or  an 
effect  on  action  potential  initiation  or  propagation  in  inhibitory  intemeurons. 
Consequently,  our  future  experiments  will  focus  on  recording  the  effects  of  MK-801  on 
the  synaptic  currents  and  resting  spontaneous  activity  of  intemeurons. 
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Figure  Legends 

Figure  1  Camera  lucida  reconstruction  of  an  RSC  pyramidal  cell  filled  with 
biocytin 

Camera  lucida  reconstruction  of  a  pyramidal  cell  recorded  in  the  RSC.  This  pyramidal 
cell  was  filled  with  biocytin  during  the  experiment.  The  soma  of  the  pyramidal  cell  is 
located  in  layer  V.  An  apical  dendrite  arising  from  the  soma  extends  toward  to  the  pia 
surface  and  branches  off  to  form  multiple  tufts.  In  addition  to  a  typical  apical  dendrite 
arborization,  a  long  axon  originating  from  the  soma  extends  about  2896  micrometers  and 
projects  to  contralateral  side  of  the  hemisphere  through  the  callosum.  One  of  branches  of 
the  axon  projects  ispilaterally  to  the  lateral  cortex.  The  pia  is  near  the  end  of  apical 
dendrite  branches,  cc:  Corpus  Callosum.  Dashed  lines:  approximate  pial  surface  of  the 
cortex.  Calibration  bar:  200pm. 
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Figure  2  GABAa  receptor  mediated  IPSCs  of  pyramidal  cells 

Whole  cell  recordings  were  performed  using  a  CsCl-based  internal  solution  at  holding 
potentials  of  -70mV  (A)  and  +30mV(B).  When  the  holding  potential  was  -70mV,  inward 
currents  were  recorded  while  the  currents  become  outward  as  cell  was  held  at  +30mV. 
The  GABAa  receptor  antagonist,  bicuculline  methiodine  (BMI)  (20p,M)  abolishes  the 
current  (C).  Amplitudes  of  evoked  IPSCs  recorded  from  another  pyramidal  cell,  which 
was  held  at  different  potentials  of-70  to  +  20mV.  (D)  Base  on  the  evoked  synaptic 
responses  shown  in  Figure-D,  an  I-V  curve  (E)  was  constructed  and  revealed  an  apparent 
reversal  potential  of  -40mV,  which  was  near  the  calculated  Eql  equilibrium  potential. 
These  findings  indicate  that  recorded  IPSCs  were  mediated  by  GABAa  receptors. 
Calibration  bar:  500ms/0.1nA. 
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Figure  3  Effect  of  MK-801  on  spontaneous  GABAa  receptor  mediated  IPSCs  in 
RSC  pyramidal  cells 

A.  MK-801  decreases  sEPSCs  frequency  and  amplitude  in  an  RSC  pyramidal  cell.  At 
holding  potential  of +30mV,  bath  application  of  MK-801  (40  pM)  decreases  sIPSCs. 
Recorded  sIPSCs  were  abolished  by  BMI  (20  pM)  and  recovered  after  washout. 
Calibration:  500ms/0. 1  nA 

B.  Cumulative  inter-event  interval  distribution  for  the  same  cell  shows  a  significant 
increase  in  the  inter-event  interval  (P<0.01,  K-S  test).  Cumulative  amplitude 
distribution  also  shows  a  significant  decrease  in  the  amplitude  (p<0.001,  K-S  test). 

C.  Photomicrograph  of  the  same  cell  filled  with  biocytin  was  shown.  Calibration  bar 
100  pm. 
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Figure  4  Effect  of  MK-801  on  sIPSCs  in  another  RSC  pyramidal  cell 

At  the  holding  potential  of  +30mV,  bath  application  of  MK-801  (40pM)  (B)  decreases 
sIPSCs  compared  to  control  (A).  Recorded  sIPSCs  were  abolished  by  BMI  (20  pM)  (C). 
Calibration:  500ms/0.1nA. 

D.  Camera  lucida  reconstruction  of  the  same  pyramidal  cell  recorded  in  the  RSC  was 
shown.  Calibration  bar  100pm. 
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Figure  5  Effect  of  MK-801  on  sIPSCs  of  pyramidal  cell  in  the  RSC  is  concentration- 
dependent 

A.  At  holding  potential  of  +30mV,  bath  application  of  MK-801  (10,  20  and  40pM) 
caused  a  graded  decrease  in  the  frequency  in  sIPSCs.  Cumulative  inter-event  interval 
distribution  for  the  same  cell  shows  a  significant  increase  in  the  inter-event  interval 
(PO.Ol,  K-S  test). 

B.  Photomicrograph  of  the  same  pyramidal  cell  filled  with  biocytin  was  shown. 
Calibration  bar  100pm. 
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Figure  6  Effect  of  MK-801  on  elPSCs  of  pyramidal  cells  in  the  RSC 

A.  Outward  IPSCs  were  recorded  from  a  pyramidal  cell  at  a  holding  potential  of 
+30mV  and  were  completed  blocked  by  BMI  (20  pM).  In  addition,  the  evoked  IPSC 
were  fully  recovered  after  washout,  indicating  that  recorded  IPSCs  were  mediated  by 
GABAa  receptor.  Calibration  bars:  50mS/0.1nA. 

B.  The  time  course  of  evoked  IPSC  of  another  pyramidal  cell,  after  bath  application  of 
MK-801  (40  pM),  BMI  (20pM)  and  washout,  respectively.  Insets  show  the  averaged 
peak  IPSC  traces  corresponding  to  each  treatment. 

C.  Photomicrograph  of  the  same  cell  filled  with  biocytin  was  shown.  Calibration  bar 
100pm. 
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Figure  7  Effect  of  MK-801  on  sIPSCs  of  a  pyramidal  cell  in  the  parietal  cortex 

A.  At  the  holding  potential  of  +30mV,  bath  application  of  MK-801  (40pM)  decreased 
sIPSCs.  Recorded  sIPSCs  were  abolished  by  BMI  (20pM)  and  recovered  after 
washout.  Calibration:  500ms/0.1nA. 

B.  Cumulative  inter-event  interval  distribution  for  the  same  cell  shows  a  significant 
increase  in  the  inter-event  interval  (P<0.05,  K-S  test).  As  shown  by  cumulative 
amplitude  distribution,  MK-801  did  not  significantly  decrease  in  the  IPSC  amplitude 
(p>0.05,  K-S  test). 

C.  Photomicrograph  of  the  same  cell  filled  with  biocytin  was  shown.  Calibration  bar 
100  pm. 
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Figure  8  Comparison  of  MK-801  on  sIPSCs  of  pyramidal  cells  in  the  RSC  and  the 
parietal  cortex 

A.  Graph  shows  data  from  the  averaged  inter-event  intervals  of  12  pyramidal  cells 
recorded  in  the  RSC  and  7  in  the  parietal  cortex.  MK-801  (40pM)  significantly 
increased  the  average  sIPSCs  inter-event  interval  of  pyramidal  cell  in  the  RSC 
compared  to  those  in  the  parietal  cortex  (P  <  0.05,  unpaired  t-test). 

B.  Graph  shows  that  MK-801  (40  pM)  significantly  inhibits  the  average  peak  amplitude 
of  elPSCs  in  pyramidal  cells  (n=8)  in  the  RSC  compared  to  those  in  the  parietal 
cortex  (n=5)  (p  <  0.05,  unpaired  t-test). 
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Figure  9  Effect  of  MK-801  on  mIPSCs  of  a  pyramidal  cell  in  the  RSC 

A.  At  the  holding  potential  of  +30mV,  bath  application  of  TTX  (0.5pM)  abolished  all 
action  potential  dependent  IPSCs.  However,  bath  application  of  MK-801  (40pM) 
has  no  effect  on  mIPSCs. 

B.  Cumulative  inter-event  and  amplitude  distributions  did  not  show  any  significant 
change  (P  >  0.05,  K-S  test),  indicating  the  presynaptic  action  of  MK-801. 
Calibration:  500ms/0.05nA. 

C.  Photomicrograph  of  the  same  cell  filled  with  biocytin  was  shown.  Calibration  bar 
100pm. 
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Using  Voltage  Sensitive  Dyes  to  Image  the  Effect  of  an  NMDA  Antagonist  and 
Pyridostigmine  in  the  Rat  Cingulate  Gyrus  and  Retrosplenial  Cortex 
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Using  Voltage  Sensitive  Dyes  to  Image  the  Effect  of  an  NMDA  Antagonist  and 
Pyridostigmine  in  the  Rat  Cingulate  Gyrus  and  Retrosplenial  Cortex 

Abstract: 

We  examined  components  of  the  evoked  responses  in  the  cingulate  gyrus  using  voltage- 
sensitive  dye  imaging  with  a  photodiode  array.  This  relatively  new  technique  has  been 
successfully  utilized  to  characterize  spatiotemporal  aspects  of  evoked  and  spontaneous  activity  in 
neocortex  (Wu  et  al.,  1999a;  Tsau  et  ah,  1999),  olfactory  bulb  (Keller  et  ah,  1998), 
thalamocortical  pathways  (Laaris  et  ah,  2000),  and  amygdala  formation  (Wang  et  ah,  submitted ). 

Our  imaging  system  covered  a  hexagonal  area  (1  mm  facets)  with  each  diode  covering  an 
area  of  80  X  80  pm2.  This  range  of  coverage,  combined  with  the  high  temporal  resolution  (0.6 
msec)  of  the  photodiodes,  allows  recording  of  signal  propagation  along  network  pathways  in  a 
broad  area.  Accordingly,  this  system  makes  it  possible  to  gather  information  from  a  wider 
anatomical  area  and  for  a  longer  period  of  time  than  many  other  recording  systems,  and  to  do  so 
while  preserving  good  temporal  resolution. 

In  preliminary  studies  using  this  system,  we  have  found  that  a  low  dose  of  the  NMDA 
antagonist  MK-801  (3  pM)  produced  an  enhanced  depolarization  in  response  to  a  single  stimulus 
pulse  in  slices  from  adult  female  rats.  In  contrast,  pyridostigmine  bromide  (100  pM)  was 
strongly  inhibitory  when  added  to  a  solution  containing  MK-801  (3  pM).  This  suggests  that 
pyridostigmine  may  be  protective  against  neurotoxicity  caused  by  NMDA  antagonists  or,  at  least 
that  pyridostigmine  may  not  worsen  the  neurotoxicity  of  an  NMDA  antagonist.  Thus,  the 
combined  use  of  these  agents  in  clinical  settings  may  be  possible  -  at  least  within  certain 
concentration  ranges. 

The  importance  of  these  results  relates  to  the  use  of  agents  such  as  pyridostigmine  as 
preventive  agents  against  soman  attacks,  for  individuals  with  soman-induced  seizures  may  be 
given  drugs  that  possess  NMDA  antagonist  activity. 

To  our  knowledge,  this  system  has  not  been  used  yet  to  assess  such  neurotoxic 
mechanisms  in  the  cingulate  cortex,  nor  has  it  been  used  to  assess  issues  of  military  relevance. 
However,  it  may  become  a  powerful  in  vitro  tool  in  which  to  explore  neurotoxic  processes  to 
which  service  personnel  may  be  at  risk,  and  also  to  assess  the  protective  potential  of  anti-nerve 
gas  agents. 
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Introduction: 


It  is  important  to  study  the  neurotoxicity  of  NMD  A  antagonists  and  the  possible 
interaction  of  agents  that  affect  cholinergic  transmission  (either  acetylcholinesterase  inhibitors  or 
cholinergic  agonists),  for  there  is  a  very  real  possibility  that  these  agents  will  be  used  together  in 
military  settings. 

The  in  vivo  studies  discussed  elsewhere  in  this  project  are  providing  information  about 
cell  types  at  risk  and  doses  at  which  damage  occurs.  However,  in  vivo  systems  are  fairly 
complicated  systems  in  which  to  explore  fundamental  cellular  mechanisms  of  neurotoxicity.  In 
contrast,  in  vitro  systems  offer  distinct  advantages  in  such  types  of  studies,  because  exact 
concentrations  of  drugs  can  be  administered  and  specific  anatomical  regions  can  be  monitored  in 
detail.  Also,  although  in  vivo  systems  offer  a  snapshot  of  what  happens  “later”  (as  in,  at  the  3 
day  point  after  drug  administration)  our  in  vitro  systems  offer  a  “movie”  with  which  to  view  the 
ongoing  acute  neurotoxic  events  that  are  occurring  during  the  time  of  drug  administration.  Since 
much  of  the  neurotoxicity  seen  at  later  time  points  is  set  in  motion  early  during  the  exposure, 
such  information  may  be  helpful  in  understanding  the  mechanisms  of  neurotoxicity. 

We  examined  components  of  the  evoked  responses  in  the  cingulate  gyrus  using  voltage- 
sensitive  dye  imaging  with  a  photodiode  array.  This  relatively  new  technique  has  been 
successfully  utilized  to  characterize  spatiotemporal  aspects  of  evoked  and  spontaneous  activity  in 
neocortex  (Wu  et  al.,  1 999a;  Tsau  et  al.,  1999),  olfactory  bulb  (Keller  et  al.,  1 998), 
thalamocortical  pathways  (Laaris  et  ah,  2000),  and  amygdala  formation  (Wang  et  ah,  submitted). 

Our  imaging  system  covered  a  hexagonal  area  (1  mm  facets)  with  each  diode  covering  an 
area  of  80  X  80  pm2  (Fig.  IB).  This  range  of  coverage,  combined  with  the  high  temporal 
resolution  (0.6  msec)  of  the  photodiodes,  allows  recording  of  signal  propagation  along  network 
pathways  in  a  broad  area.  Accordingly,  this  system  makes  it  possible  to  gather  information  from 
a  wider  anatomical  area  and  for  a  longer  period  of  time  than  many  other  recording  systems  -  and 
to  do  so  while  preserving  good  temporal  resolution. 

In  these  first  studies  using  this  technique,  we  focused  primarily  on  the  effects  of  the 
NMDA  antagonist  MK-801  and  the  AChE  inhibitor  pyridostigmine  bromide.  We  chose  MK-801 
because  it  is  a  prototypical  NMDA  antagonist  and  is  well-characterized  in  the  in  vitro  brain  slice 
systems  with  respect  to  effective  concentration  and  time  course  of  effect.  Secondly,  MK-801 
was  used  in  our  parallel  in  vitro  studies  using  patch  clamp  recordings  and  in  our  in  vivo  studies. 
This  will  allow  us  to  compare  effects  across  experimental  systems. 

Also,  in  these  initial  studies  we  have  focused  on  the  effects  of  these  drugs  in  adult  female 
rats.  As  discussed  in  our  original  proposal,  adult  female  animals  have  been  found  to  be  more 
susceptible  to  NMDA-antagonist-induced  neurotoxicity. 

However,  for  comparison,  we  have  done  several  preliminary  studies  using  young  males. 
This  was  important  to  do,  in  part,  because  all  previous  studies  in  our  lab  using  this  system  have 
been  done  with  young  males,  so  the  use  of  these  animals  was  important  to  determine  the  effects 
of  the  drugs  while  using  rats  of  a  well-characterized  age.  In  addition,  our  previous  studies  have 
used  slices  from  the  hippocampus  or  amygdala;  we  did  not  have  experience  with  slices  of  the 
posterior  cingulate  or  retrosplenial  cortex.  Thus,  the  use  of  slices  from  younger  male  helped  us 
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compare  the  responses  evoked  in  the  cingulate  and  retrosplenial  gyrus  to  previously  studied 
anatomical  areas.  Also,  in  vitro  studies  with  brain  slices  from  adult  animals  can  be  difficult,  so 
we  wanted  to  start  our  study  using  more  hardy  (younger)  tissue  first,  to  characterize  the  optimal 
responses. 

In  addition,  the  use  of  both  young  and  old  animals,  as  well  as  males  and  females,  is 
consistent  with  our  initial  technical  objectives  to  take  age  and  gender  into  account  in  our  studies. 
This  is  especially  important  because  many  experimental  studies  typically  use  quite  young  or  peri- 
adolescent  animals  (unless  they  are  specifically  studying  geriatric  conditions).  This  is  especially 
true  with  in  vitro  electrophysiological  studies,  because  brain  slices  from  young  rats  (up  to  early 
adolescent  ages)  are  much  hardier  than  tissue  from  adult  rats.  However,  our  project  is  focused  on 
possible  toxic  risk  to  which  service  personnel  will  be  exposed  (although  we  do  not  rule  out 
exposure  to  civilians,  as  well).  Accordingly,  to  correctly  “model”  people  of  service  age,  our 
animal  model  should  include  rats  of  much  older  ages  than  typically  used.  And  this  is  especially 
important,  because  older  animals  have  been  shown  to  be  more  sensitive  to  NMDA  antagonist- 
mediated  toxicity. 

Methods 

Pilot  Studies: 

We  have  done  two  sets  of  experiments:  an  early  set  of  pilot  studies  and  a  more  recent  set 
of  more  formal  studies.  The  latter  will  serve  as  the  data  base  for  ongoing  and  future  studies. 

The  early  pilot  studies  were  done  initially  when  the  photodiode  imaging  system  was  being 
set  up  in  our  lab  and  optimized  for  recording.  In  that  early  system,  a  high  quality,  standard 
vibration  isolation  table  was  used.  Such  tables  are  very  good  for  most  typical 
electrophysiological  studies,  but  proved  to  be  insufficient  for  this  very  sensitive  imaging  system. 
(Since  those  early  studies  we  have  added  a  high-performance  vibration  isolation  table  which 
greatly  enhances  the  quality  of  the  images,  so  that  quantitative  results  can  be  obtained.) 

Nevertheless,  the  early  images  were  of  sufficient  quality  to  provide  a  general  sense  of  the 
drug  effects.  Accordingly,  we  want  to  be  clear  in  stating  that  the  early  results  were  only 
qualitative  in  nature.  Still,  those  experiments  did  provide  clues  as  to  what  to  expect  when  the 
system  was  fully  functional  using  the  high-performance  vibration  isolation  table. 

Specifically,  the  pilot  studies  provided  general  information  about  several  concentration 
ranges  of  drugs  and  the  time  course  of  their  effects.  In  these  studies  we  tested  the  effect  of  four 
NMDA  antagonists  (MK-801  (10  pM),  D-APV  (25  &  50  pM),  ethanol  (40  mM),  and  ketamine 
(1,3  &  10  pM),  (an  anaesthetic  agent  with  NMDA-antagonist  activity)),  an  AChE  inhibitor 
(pyridostigmine  bromide  (10  &100  pM),  two  cholinergic  (predominately  muscarinic)  agonists 
(carbachol  (0.75  pM)  and  pilocarpine  (1  &  10  pM))  and  a  glutamate  agonist  (NMDA  (10  pM)). 
The  qualitative  results  from  these  studies  provided  early  evidence  that  MK-801  might  be 
excitatory,  whereas  pyridostigmine  might  be  inhibitory.  Based  on  these  results,  we  focused  on 
these  two  agents  in  the  more  recent  experiments.  We  will  use  the  other  agents  in  future  studies. 


Recent  Studies: 
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In  these  studies,  we  used  brain  slices  from  Sprague  Dawley  rats  (Charles  River,  Raleigh, 
NC).  Two  types  of  rats  were  used:  young  males  and  adult  females.  These  two  groups  represent 
the  most  resistant  (young  males)  and  most  sensitive  (adult  females)  groups  with  respect  to 
NMDA-antagonist-induced  toxicity.  The  young  males  were  28-3 1  days  of  age  and  weighed  from 
81-104  grams  (n=5);  rat  of  this  age  range  are  considered  early  adolescents.  The  adult  female  rats 
used  were  retired  breeders  from  Charles  River.  They  were  delivered  to  our  facility  with  litters  of 
14-day-old  pups.  Their  litters  were  weaned  at  around  28  days  of  age,  after  which  time  the  dams 
were  allowed  to  recover  at  least  4  weeks  after  weaning.  During  the  recovery  phase,  they  were 
housed  2  to  4  per  cage  with  other  retired  breeders.  The  exact  age  of  retired  breeders  is  not 
provided  by  Charles  River,  but  they  are  full-sized  adults  by  the  time  of  use  (361-457  grams) 
(n=4).  This  assures  that  we  are  using  animals  well  within  the  range  that  Olney  and  colleagues 
have  reported  as  being  most  sensitive  to  neurotoxicity. 

Rats  were  anesthetized  with  halothane  and  quickly  decapitated.  The  brains  were  removed 
carefully  to  avoid  damaging  the  cortical  areas  of  interest:  the  posterior  cingulate  and  retrosplenial 
cortex.  Coronal  slices  (500  pm)  were  made  with  a  vibratome.  Using  the  hippocampal  profile  as 
a  guide,  slices  were  selected  to  include  the  posterior  cingulate  and/or  retrosplenial  cortex, 
(approximately  from  -2.3  to  -3.8  from  the  bregma  (Paxinos  and  Watson,  1986)).  These  slices 
were  further  dissected  to  remove  the  ventral  half  of  the  brain,  leaving  the  hippocampus  and 
overlying  cortex  intact.  (This  last  step  was  done  so  that  the  large  brain  slices  of  the  adult  females 
could  fit  into  the  recording  chamber  (designed  for  much  smaller  hippocampal  slices  of  young 
rats)  while  leaving  both  sides  of  the  cingulate  or  retrosplenial  cortex  intact  and  connected.) 

Slices  were  then  incubated  in  artificial  CSF  composed  of  (in  mM):NaCl,  124;  dextrose,  10; 
NaHC03, 2.6;  KC1,  2;  KH2P04, 1.25;  CaCl,  2;  and  MgS04, 1,  equilibrated  with  95%  02  and 
5%  C02. 

After  1  hour  of  incubation,  slices  were  stained  in  ACSF  with  the  fast  voltage-sensitive 
dye  JPW1 13 1  (also  known  as  RH479)  (from  Dr.  L.  Loew,  University  of  Connecticut, 
Farmington,  CT)  at  0.02  mg/ml  for  40  to  60  minutes.  The  stained  slice  was  then  placed  in  an 
immersion-type  recording  chamber  and  perfused  with  ACSF  at  2-3ml/min  and  at  29  °C  for  at 
least  60  min  to  stabilize  the  slice  and  allow  unbound  dye  to  wash  out  of  the  slice. 

The  optical  signal  was  obtained  using  an  upright  microscope  (Axioskop  2FS;  Carl  Zeiss, 
(www.ziess.de)  with  a  water  immersion  lens  (10X)  and  two  camera  ports.  One  camera  port  was 
equipped  with  a  fixed  zoom  lens  and  a  fast  CCD  camera  (SensiCam;  Cooke  Corp.  Ltd.,  (www. 
cookecorp.com)  for  taking  pictures  of  slices  and  calibrating  the  objective  plane.  The  other 
camera  port  had  a  changeable  zoom  lens  and  a  464-element  photodiode  array  (WuTech 
Instruments;  (www.  wutech.com)  that  covered  a  1  mm-sided  hexagon  area.  The  fastest  sampling 
rate  of  the  photodiode  array  is  0.613  ms  per  frame.  Both  the  CCD  camera  and  the  photodiode 
array  were  calibrated  independently.  The  double  calibration  allowed  us  to  correlate  a  specific 
spot  of  the  slice  to  a  particular  diode.  10  kHz  low-pass  and  0.2  Hz  high  pass  RC  filter  were  used 
in  the  first  stage  amplifiers.  Detailed  descriptions  were  available  (see  Wu,  et  al.,  1999b).  Data 
acquisition  and  analysis  was  performed  with  the  program  NeuroPlex  (RedShirt  Imaging,  LLC., 
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www.redshirtimaging.com)  on  a  Pentium  PC.  A  vibration  isolation  system  (250WS-1;  Minus-k 
Technology,  www.minusk.com)  was  used  to  minimize  the  vibration  noise. 

A  unipolar  tungsten  microelectrode  (.02",  5  MQ,  8  Degree;  A-M  System  Inc.,  Carlsborg, 
WA)  placed  in  the  deep  layers  of  the  cingulate  or  retrosplenial  cortex  to  deliver  stimulating 
impulses.  The  intensity  of  stimulation  was  70-100  pA/200  ps. 

After  at  least  60  min  of  washing  of  the  stained  slice  in  the  recording  chamber,  a  2-second 
data  acquisition  (at  a  sample  rate  of  0.613ms  per  frame)  was  triggered  manually  every  4  minutes. 
The  stimulus  was  delivered  during  the  acquisition  with  a  0.5  s  delay.  Averaged  responses  from  a 
240  x  240  pm2  area  (3  by  3  diodes)  close  to  the  stimulating  electrode  was  constantly  observed 
until  the  responses  were  stabilized  for  half  an  hour  before  applying  any  drug.  With  this  method 
of  recording,  the  responses  will  remain  unchanged  for  at  least  2  hours  (Wang,  et  al.,  submitted). 

Once  the  controls  were  stabilized  for  30  minutes  (8  recordings),  the  MK-801  was  applied 
for  at  least  30  minutes,  followed  by  pyridostigmine-plus-MK-801  for  30  minutes.  Four 
recordings  from  each  phase  were  then  averaged  for  comparison.  With  the  evoked  response,  the 
very  tip  of  the  stimulating  electrode  generated  an  artifact  which  was  revealed  by  a  single  diode 
that  had  a  significantly  large  response  than  other  diodes.  (Responses  from  all  other  diodes  were 
physiological  as  they  could  be  blocked  by  TTX  (Wang,  et  al,  submitted).) 

The  response  of  voltage  sensitive  dye  has  a  submillisecond  kinetics  and  a  linear 
dependence  to  voltage  change  within  ±100  mV  (L.  M.  Loew,  1999).  JPW1 131  has  a  specific 
light  absorption  at  705  ±  50  nm.  The  optical  imaging  was  made  of  pseudocolor  intensity  scaling 
in  which  the  warm  color  corresponded  to  depolarization.  A  fixed  scale  was  used  to  compare  the 
images  between  the  control  and  drug  application.  In  this  mode,  signals  from  every  diode  are 
relative  to  the  fixed  scale  so  that  the  changes  before  and  after  drug  can  be  determined. 

All  pharmacological  agents  were  obtained  from  Tocris,  Sigma  (pilocarpine,  pyridostigmine, 
physostigmine  and  carbachol),  or  RBI  (D-APV  and  MK-801). 

Results: 

As  shown  in  Figure  1,  the  stimulating  electrode  is  positioned  in  the  deep  layers  of  the 
retrosplenial  cortex  (Figure  1A).  When  a  single  stimulus  pulse  was  delivered  to  this  area,  the 
signal  propagated  around  the  stimulated  area  (Figure  IB,  warm  (yellow  and  orange)  colored 
area).  After  3  pM  of  MK-801  was  applied,  the  spreading  area  was  enlarged  and  the  intensity  of 
depolarization  was  increased  (Figure  1C,  red  color).  Subsequent  application  of  pyridostigmine 
bromide  (100  pM)  inhibited  both  spreading  and  intensity  of  depolarization  (Figure  ID).  Once 
again,  these  results  are  qualitative  in  nature:  extensive  quantitative  analysis  to  determine  the 
extent  of  the  increase  is  ongoing.  In  general,  preliminary  measures  of  the  results  from  adult 
females  suggest  that  a  low  concentrations  (3  pM)  of  MK-801  causes  a  period  of  depolarization, 
whereas  pyridostigmine  (100  pM)  was  inhibitory.  In  contrast,  MK-801  at  much  higher 
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concentrations  (40  pM)  may  be  inhibitory  in  adult  females  as  well  as  young  males. 
Pyridostigmine  (100  pM)  also  appeared  to  be  inhibitory  in  the  young  males,  but,  again,  these 
results  are  very  preliminary  and  await  detailed  quantitative  analysis.  (Low  concentrations  of 
MK-801  have  not  been  tested  yet  in  slices  from  young  male  but  these  concentrations  will  be 
tested  shortly.  Also,  we  will  test  the  effect  of  the  drugs  in  adult  males  and  young  females  to 
further  explore  their  different  vulnerabilities.) 

Discussion: 

These  studies  provide  preliminary  evidence  that  a  dose  of  MK-801  enhances  evoked 
responses  in  the  cingulate  cortex  in  adult  female  rats.  If  this  depolarization  reflects  a  sustained 
depolarization  of  many  neurons,  it  is  possible  that  the  stress  of  such  a  response  could  damage 
vulnerable  neuron  populations.  If  such  a  difference  could  expose  either  excitatory  or  inhibitory 
neurons  to  excitotoxic  levels  of  glutamate  or  levels  of  intracellular  calcium  (or  other  neurotoxic 
mechanisms),  then  certain  cells  may  be  permanently  lost.  These  studies  also  demonstrate  that  an 
in  vitro  system  may  be  used  to  study  NMDA  antagonist-mediated  neurotoxicity. 

In  addition,  an  inhibitory  effect  of  pyridostigmine  bromide  was  seen  consistently  in  this 
system.  This  result  is  intriguing,  because  it  suggests  that  pyridostigmine  may  be  protective 
against  other  types  of  neurotoxicity,  in  addition  to  its  protective  effect  against  nerve  agents  like 
soman. 

Other  investigators  have  also  found  that  pyridostigmine  enhances  inhibition  using  an  in 
vitro  system.  Santos  et  al.  (2000)  used  cortical  brain  slices  from  rats  and  human  to  study  the 
effect  of  pyridostigmine  on  evoked  GABAergic  and  glutamatergic  post-synaptic  currents  (IPSCs 
and  EPSC,  respectively)  in  rat  hippocampal  pyramidal  cells.  They  found  that  pyridostigmine  (30 
nM  -  lpM)  increased  the  amplitude  of  the  IPSC’s,  but  did  not  alter  the  amplitude  of  EPSCs. 

They  note  that  these  finding  suggest  that  pyridostigmine  may  facilitate  GABAergic  transmission. 
They  also  note  that  a  different  inhibitor  of  acetylcholinesterase  (galanthamine)  used  in  human 
tissue  may  also  enhance  inhibition,  but  may  do  so  through  an  action  on  nicotinic  acetylcholine 
receptors.  Thus,  pyridostigmine  may  have  several  protective  mechanism  by  which  it  reduces 
soman  neurotoxicity:  (1)  through  its  action  on  acetylcholinesterase  and  (2)  through  an 
enhancement  of  GABAergic  inhibition. 

Military  Relevance: 

Probably  one  of  the  most  important  findings  in  these  studies  is  that  pyridostigmine  is 
inhibitory  in  this  system  -  at  least  at  the  concentrations  employed.  If  this  translates  into 
neuroprotection  in  vivo  against  NMDA  antagonists,  it  may  have  clinical  relevance.  For  example, 
this  may  help  explain  why  pyridostigmine  may  be  protective  against  soman  toxicity.  If 
pyridostigmine  gains  access  to  the  brain  before  or  during  an  exposure  to  an  agent  such  as  soman, 
it  may  be  protective  centrally  through  several  mechanisms.  However,  it  is  important  to  stress 
that  these  are  preliminary  results  with  only  one  concentration  of  the  drug,  and  other 
concentrations  (and  drug  combinations)  must  be  tested  to  make  sure  there  are  not  dangerous 
interactions  due  to  synergy  of  particular  agents  or  doses. 

Furthermore,  given  the  importance  in  current  national  policy  to  reduce  the  number  of 
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experimental  animals  used  in  studies,  and  to  avoid  their  pain  and  suffering,  this  system  has 
definite  advantages.  For  example,  this  in  vitro  system  may  have  the  advantage  of  reducing  the 
number  of  animals  needed  to  address  specific  questions,  since  several  drug  concentrations  and 
combinations  can  be  tested  on  a  single  slice.  In  addition,  this  system  greatly  limits  distress 
caused  to  the  animals  compared  to  more  traditional,  long-term  in  vivo  studies  of  toxicity. 
Furthermore,  the  results  from  these  studies  may  be  used  to  help  plan  in  vivo  studies  more  wisely, 
so  that,  once  again,  fewer  animals  may  be  used  in  the  in  vivo  studies.  At  present,  it  is  not 
possible  to  do  without  in  vivo  studies  altogether,  but  with  careful,  rational  linking  of  in  vitro  and 
in  vitro  animal  studies,  we  hope  to  be  more  efficient  experimentally.  Most  important  still,  is  that 
this  system  allows  hypotheses  to  be  tested  in  animal  models,  which,  in  the  long  run  we  hope  will 
reduce  the  risks  to  which  service  men  and  women  are  exposed. 


Future  Aims: 

Future  aims  using  this  technique  will  proceed  in  several  directions.  First,  we  will  analyze 
in  detailed  the  results  from  the  recent  experiments  using  adult  female  and  young  male  rats.  We 
will  examine  the  responses  recorded  from  individual  photodiodes  to  assess  the  changes  in 
specific  anatomical  subregions  in  these  slices.  In  addition,  we  will  also  determine  the  time  point 
at  which  drug  onset  occurs:  initial  qualitative  results  suggest  that  MK-801  has  a  more  rapid  effect 
than  was  expected,  but  quantitative  assessment  must  be  done  to  test  this  impression.  However,  a 
rapid  onset  would  be  consistent  the  rapid  onset  of  effect  seen  in  vivo.  It  is  possible  that  this 
system  is  quite  sensitive  to  certain  aspects  of  drug  onset  effects.  These  analyses  will  also  help  us 
pinpoint  regions  and  time  points  on  which  to  focus  in  future  studies.  In  addition,  as  discussed 
above,  we  will  examine  the  effect  of  lower  concentrations  of  pyridostigmine  bromide  in  our 
system. 

Then,  we  will  focus  on  the  following  questions: 

1.  Does  low-dose  MK-801  (3  pM)  have  a  similar  excitatory  effect  in  brain  slices  from 
adult  male  rats,  but  have  less  of  an  effect  in  young  female  and  young  male  rats?  If  there 
is  such  a  parallel  with  the  in  vivo  findings,  then  it  supports  the  validity  of  this  system  and 
supports  its  further  use  in  studying  the  neurotoxic  mechanisms. 

2.  Is  pyridostigmine  more  effective  at  inhibiting  the  effect  of  MK-801  when  it  is 
administered  first?  This  order  of  administration  may  more  closely  model  the  sequence  of 
administration  in  certain  military  settings.  For  example,  if  there  was  a  threat  of  a  soman 
attack,  pyridostigmine  might  be  administered  daily  -  then,  if  the  attack  occurred  and 
personnel  were  exposed,  a  drug  with  NMDA  antagonist  activity  might  be  administered  to 
treat  the  acute  symptoms  (e.g,  either  used  as  a  neuroprotective  agent  or  as  an 
anticonvulsant  in  individuals  having  soman-induced  seizures).  Accordingly,  to  test  the 
effect  of  order  in  our  system,  pyridostigmine  will  be  given  first,  then  MK-801  (or  an  other 
NMDA  antagonist)  will  be  added  to  the  pyridostigmine-containing  solution. 


59 


3.  Can  our  findings  in  this  system  shed  any  light  on  the  results  from  our  other 
experiments  using  in  vivo  or  in  vitro.  Can  the  patch  clamp  recording  system  shed  light  on 
which  cell  type  may  be  causing  this  depolarizing  effect?  Can  the  photodiode  images  help 
determine  the  specific  dose  ranges  at  which  pyridostigmine  is  protective  in  vivo ? 

4.  Do  other  AChE  inhibitors  have  similar  inhibitory  effect  (e.g.,  physostigmine  or 
galanthamine) 

5.  Do  other  NMD  A  antagonists  have  similar  excitatory  effects  (e.g.,  memantine  or 
ethanol). 

6.  Since  we  are  using  the  bromide  salt  of  pyridostigmine,  we  will  rule  out  a  possible 
contribution  of  bromide  to  the  effect  of  pyridostigmine. 


60 


Figure  legends 

Figure  1. 

Effects  of  MK801  and  pyridostigmine  on  the  evoked  depolarization  and  its  propagation  in  the 
retrosplenial  cortex.  A.  CCD  camera  image  of  a  section  of  the  slice  showing  the  stimulating 
electrode  in  the  retrosplenial  cortex.  B.  A  photodiode  image  of  an  averaged  evoked  response  to 
single  stimulus  in  the  deep  layer  of  the  retrosplenial  cortex  in  the  control  condition.  The  signal 
spread  around  the  stimulated  area.  C.  An  averaged  response  after  MK801  (3  pM)  was  applied. 
Red  color  indicates  that  the  depolarization  level  was  increased.  The  area  of  signal  spreading  is 
larger  than  that  in  the  control.  D.  An  averaged  response  after  subsequently  adding 
pyridostigmine  (100  pM)  revealed  a  decrease  in  the  level  of  depolarization  and  area  of  spreading 
of  the  evoked  signal. 

Note:  The  frames  represented  the  responses  at  33  ms  after  the  stimuli  were  delivered  under  each 
condition.  This  time  is  within  the  scope  of  the  highest  GABAa  effect.  Depolarization  was 
represented  by  warm  color  while  hyperpolarization  was  represented  by  cold  color.  Fixed  scale 
was  used  for  pseudocolorization  in  which  every  response  trace  was  relative  to  a  fixed  scale;  this 
technique  best  revealed  the  spatial  distribution  of  the  signal  propagation.  The  depolarization 
generally  decayed  to  baseline  within  about  200  ms.  Signal  intensity  beyond  the  scale  was 
represented  by  the  limits  of  the  scale,  i.e.,  the  red  color  represents  the  intensity  that  great  than  or 
equal  to  the  upper  limit  of  the  scale. 

Figure  2. 

Effects  of  MK801  and  pyridostigmine  on  the  evoked  depolarization  and  its  propagation  in  the 
retrosplenial  cortex:  a  dynamic  view. 

Pseudocolor  frames  from  photodiode  arrays  display  the  intensity  of  optical  signal  in  the 
retrosplenial  cortex  in  three  different  conditions:  Control  (drug-free)  ACSF,  MK-801  (3  pM),  and 
MK-801  (3  pM)  plus  pyridostigmine  bromide  (100  pM).  Stimulations  were  delivered  to  the  deep 
layers  of  the  retrosplenial  cortex  as  shown  in  figure  1 . 

Each  row  of  10  frames  covered  the  response  from  22.5  to  45  ms  after  the  stimulus.  Each 
successive  frame  is  separated  by  2.5  msec.  All  frames  are  from  the  same  slice  as  shown  in  figure 
1.  (The  three  enlarged  frames  in  figure  1  are  from  a  time  point  between  the  4th  and  5th  image 
(counting  from  the  left)  of  each  of  row). 

Figure  3: 

Typical  brain  slice  used  in  photodiode  imaging  studies.  Rectangle  shows  the  approximate 
location  of  cortical  area  on  which  is  focused  the  CCD  camera  image  (square)  and  photodiode 
image  (hexagon),  as  shown  in  figure  1.  Also  shown  is  the  ventral  area  that  has  been  trimmed 
from  the  coronal  section  before  placing  it  in  the  recording  chamber. 
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FIGURE 


MK801  +  Pyridostigmine  bromide 


Using  Fluoro-Jade  Staining  to  Measure  Interactions  between  NMDA  Antagonists  and 
Acetylcholinesterase  Inhibitors  in  the  Rat  Cingulate  Gyrus  and  Retrosplenial  Cortex 
Introduction 

Discussed  here  are  preliminary  findings  from  histological  and  behavioral  studies  that  evaluate 
potential  neurotoxic  interactions  between:  (1)  antagonists  of  the  TV-methyl-D-aspartate  receptor/channel 
complex  (NMDA  r/c  antagonists)  and  (2)  acetylcholinesterase  inhibitors  (AChEIs). 

It  is  important  to  explore  the  risks  associates  with  combinations  of  these  agents,  because  if  these 
two  types  of  agents  act  synergistically  to  enhance  (or  reduce)  neurotoxicity,  it  will  be  of  military  and 
civilian  importance.  First,  these  types  of  agents  are  widely  used:  AChEIs  are  common  in  the  military 
environment,  including  their  use  as  insecticides  and  as  protective  agents  against  chemical  warfare 
agents  such  as  soman.  Although  less  common,  drugs  with  NMDA-antagonist  activity  are  available,  and 
many  new  ones  are  being  developed.  Indeed,  drugs  with  some  degree  of  NMDA-antagonist  activity 
that  are  on  the  market  or  in  clinical  trials  include  anticonvulsants  (felbamate  (Rho,  Donevan  & 
Rogowski,  1994)),  antitussives  (dextromethorphan  (Britton,  et  al,  1997)),  anti-Parkinson’s  agents 
(memantine  (Komhuber  and  Weller,  1996)),  and  recreational  drugs  (ethanol  (Lovinger,  1989; 
Ikonomidou,  et  al.,  2000)).  It  is  probable  that  this  list  will  only  increase  in  length,  because  NMDA 
antagonists  have  been  the  focus  of  new  therapies  for  chronic  pain,  as  well  as  seizures  caused  by 
chemical  warfare  agents  (e.g.,  see  Filliat,  et  al.,  1999).  Thus,  in  the  future  it  is  likely  that  some  military 
personnel  and  civilians  will  be  exposed  concomitantly  to  AChEIs  and  NMDA  antagonists. 

The  neurotoxicity  of  NMDA  antagonists  actually  came  as  a  surprise,  for  it  was  originally  hoped 
these  drugs  would  be  neuroprotective  (Rothman  and  Olney,  1995).  This  unexpected  neurotoxicity  was 
characterized  in  a  series  of  papers  by  Dr.  John  Olney  and  colleagues  (see  review  by  Olney,  1994). 
Olney  first  reported  that  non-competitive  NMDA  antagonists  produce  vacuoles  in  neurons  of  the 
posterior  cingulate  (PC)  and  retrosplenial  cortex  (RSC)  within  four  hours  of  exposure,  but  the  effect 
appeared  to  be  reversible  (Olney,  et.  al.,  1989).  This  reversibility  suggested  that  neurons  would  recover 
eventually.  Then,  in  1991  they  reported  that  higher  doses  of  NMDA  antagonists  could  produce 
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permanent  neurodegeneration  (Olney,  et  al.,  1991).  The  seriousness  of  this  effect  is  new  well- 
recognized,  and  has  been  reproduced  elsewhere  (Auer,  1994;  Ellison,  1995;  Hargeaves,  et.  al,  1993; 
Schmued,  et  al,  1997;  Schmued  &  Hopkins,  2000). 

Many  neurotransmitter  systems  modulate  NMDA  antagonist-induced  neuronal  degeneration.  It 
can  be  blocked  by  atropine  (a  muscarinic  cholinergic  antagonist),  suggesting  that  cholinergic  processes 
modulate  NMDA  antagonist-mediated  neurotoxicity  (Olney,  1991).  Barbiturates  and  benzodiazepines 
were  also  protective  (Olney,  1991),  as  were  alpha-2  adrenergic  agonists  (Farber,  et  al.,  1995)  and 
antipsychotics  (Farber,  et  al.,  1996;  Sharp,  et  al.,  1993;  1994).  Later,  dramatic  evidence  of  cholinergic 
modulation  came  from  a  study  showing  that  NMDA  antagonist-induced  neurotoxicity  could  be  greatly 
increased  by  co-administration  of  pilocarpine,  a  muscarinic  agonist  (Corso,  et  al.,  1997). 

Although  the  effect  of  pilocarpine  is  instructive  with  respect  to  the  toxic  mechanisms,  it  may 
have  limited  clinical  relevance  with  respect  to  CNS  damage,  since  only  a  few  drug  are  available  that  are 
direct  agonists  of  central  muscarinic  cholinergic  receptors  (e.g.,  pilocarpine  drops  for  glaucoma). 
However,  this  finding  argued  for  investigations  of  other  cholinergic  modulators,  including  AChEIs. 

The  AChEIs  are  used  widely  as  insecticides  (e.g.,  the  organophosphates)  and  drugs  (e.g.,  tacrine  for 
Alzheimer’s  disease  (Taylor,  1998)).  Furthermore,  given  the  risks  chemical  warfare  attacks,  it  is 
probable  that  military  use  of  AChEIs  may  still  be  necessary,  based  on  studies  showing  their 
effectiveness  against  such  exposures  (Leadbeater,  1985;  Phillippens,  et  al.,  1996).  In  addition,  some 
AChEIs  are  highly  potent  or  have  a  long  duration  of  action,  such  that  even  low  levels  of  AChEIs  might 
be  problematic  when  co-administered  with  NMDA  antagonists.  Given  the  risk  that  both  types  of  agents 
will  be  co-administered,  we  began  the  following  studies. 

Methods: 

Rats  were  housed  in  the  Durham  Veterans  Administration  Vivarium  under  the  care  of  Dr. 

Gerald  Olsen,  kept  on  a  12  hour  light  and  dark  cycle,  and  allowed  access  to  food  and  water.  All  efforts 
were  made  to  reduce  animal  stress  and  suffering,  in  accordance  with  the  Guide  for  the  Care  and  Use  of 
Laboratory  Animals  (1996)  and  the  current  Durham  VA  Medical  Center  Manual  for  Animal  Research, 
and  all  efforts  were  made  to  reduce  the  number  of  animals  needed,  while  maintaining  statistical 
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validity. 


As  discussed  in  the  technical  objectives,  our  methods  were  similar  to  those  used  by  Olney  and 
colleagues  with  respect  to  rats  (age  and  gender),  drug  doses  (MK-801),  and  behavioral  observations 
(Olney,  et  al.,  1991;  Corso,  et  ah,  1997).  We  used  Sprague  Dawley  (S-D)  rats  from  Charles  River 
(Raleigh,  NC).  Most  were  adult  females;  a  few  young  males  were  used  (36  days  of  age).  (These  two 
groups  represent  the  most  sensitive  (adult  females)  and  most  resistant  (young  males)  groups  with 
respect  to  NMDA-antagonist-induced  toxicity.)  The  adult  female  rats  were  retired  breeders  delivered 
to  our  facility  with  litters  of  14-day-old  pups.  Litters  were  weaned  at  ~  28  days  of  age,  after  which  time 
the  dams  recovered  at  least  4  weeks.  The  exact  age  of  retired  breeders  is  not  provided  by  Charles 
River,  but  the  rats  are  full-sized  adults  when  used  (300-500  g).  This  assures  that  we  are  have  animals 
well  within  the  range  reported  as  being  most  sensitive  to  neurotoxicity. 

Rats  were  randomly  assigned  to  a  control  or  treatment  group.  Rat  were  weighed  before 
experiments,  then  given  drugs  (or  vehicle),  intra-peritoneal  (ip)  or  subcutaneous  (sc),  in  a  volume  of 
lml/kg.  In  rats  given  2  different  drugs,  MK-801  was  given  first,  after  which  the  AChEI  was  given 
within  5  minutes.  Drugs  were  prepared  fresh  each  day  and  dissolved  in  sterile  saline  for  injection.  The 
(-)  physostigmine  sulfate  and  pilocarpine  HC1  were  protected  from  light;  (-)  physostigmine  sulfate  was 
checked  for  light-induced  degradation  (red  color). 

The  following  drug  doses  were  given:  (+)MK-801  (0.3-5  mg/kg);  (-)  physostigmine  sulfate 
(0.03-1.0  mg/kg),  and  pyridostigmine  bromide  (0.1  mg/kg).  The  higher  doses  of  MK-801  were  given 
when  we  were  developing  the  Fluoro-Jade  staining  technique.  This  was  to  assure  we  would  have  many 
positive  cells  for  staining.  (The  ED50  for  producing  vacuoles  detectable  by  light  microscopy  PS/RSG 
cortices  in  adult  female  S-D  rats  was  (0.18  mg/kg  sc)  (Olney,  et  al.,  1989);  higher  doses  (5.0  mg/kg  sc) 
produce  severe  vacuole  reaction  in  the  cingulate  and  R/S  cortex  (Olney,  et  al.,  1991).) 

After  injections,  each  rat  was  placed  in  a  clear  plastic  cage  and  observed  for  drug-induced 
changes  in  behavior  at  hourly  intervals.  The  severity  of  three  behavioral  effects  (ataxia, 
hyperlocomotion,  and  head  weaving)  were  be  scored  on  a  scale  of  1-3  (for  ataxia)  or  1-3  (for  head 
weaving)  (Honack  &  Loscher,  1993;  Loscher  &  Honack,  1991)  and  duration  of  recumbancy.  Since 
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agents  which  increase  cholinergic  drive  can  produce  severe  seizures  at  high  doses  (Turski,  et  al.,  1989), 
rats  were  monitored  for  behavioral  evidence  of  status  epilepticus  (continuous  rapidly  recurring 
seizures),  because,  on  their  own,  such  seizures  can  cause  neuronal  death  or  damage.  This  has  not 
happened  yet,  but  any  rat  found  in  status  epilepticus  will  be  euthanized.  Dosing  was  adjusted  if 
necessary  (e.g.,  when  too  high  given  in  combination). 

Perfusion  and  Histopathologv: 

After  3  days,  rats  were  anesthetized  with  Halothane  and  transcardially  perfused  with 
heparinized  saline  followed  by  4%  paraformaldehyde.  Brains  were  removed  immediately  and  post- 
fixed  overnight  or,  in  some  cases  the  perfused  rat  was  refrigerated  overnight  and  the  brain  removed  the 
next  morning.  (The  latter  was  suggested  by  R.  S.  Sloviter  for  vibratome,  next-day  sectioning).  Brains 
were  transferred  to  0.1  M  phosphate  buffer  (PB)  for  one  day,  then  to  30%  sucrose  for  3  to  4  days,  until 
they  sink.  Cryostat  sections  were  cut  (40  pm),  then  stored  in  0.1  M  PB  at  4°  C.  Sections  were 
processed  for  Fluoro-Jade  staining  as  described  (Schmued,  et  al.  1997).  Sections  were  mounting  in 
distilled  water  on  gelatinized  slides,  dried  over  night,  and  processed  in  the  following  solutions:  100% 
EtOH  (3  min);  70%  EtOH  (1  min);  distilled  water  (1  min);  0.06%  potassium  permanganate  (7.5  min 
with  slow  shaking);  distilled  water  (1  min);  0.001%  Fluoro-Jade  working  solution  (30  min  with  slow 
shaking  in  the  dark);  distilled  water  (3  times  for  1  min),  then  dried  in  dark  for  at  least  2  hours  (but  <2 
days),  dehydrated  in  alcohol  and  xylene,  then  coverslipped  with  D.P.X.,  Sections  were  examined  with 
an  epifluorescence  microscope  using  a  FITC  filter.  Assessment  of  neurotoxicity  was  performed  by  an 
individual  blinded  to  treatment.  Bilateral  cell  counts  were  made  from  4  sections  from  the  posterior 
cingulate  and  4  from  the  retrosplenial  cortices  (Figure  1).  On  occasion,  slides  from  other  levels  (and 
other  brain  areas)  were  examined  for  any  additional  or  unusual  changes.  From  Sigma/RBI  (St.  Louis, 
MO)  we  obtained  (+)MK-801,  (+)pilocarpine  HC1,  pyridostigmine  bromide,  (-)  physostigmine  sulfate; 
chemicals  were  from  Sigma  or  Mallinckrodt.  Fluoro-Jade  was  obtained  from  Flisto-Chem,  Inc. 
(Jefferson,  AR). 

Results; 

Initially,  pilot  studies  using  high-dose  MK-801  were  done  to  facilitate  development  of  the 
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Fluoro-Jade  staining  method,  which  was  new  to  our  lab  and  area.  Several  months  were  required  to 
reach  a  point  at  which  reproducibly  good  perfusions  and  staining  occurred.  A  well-stained  slide  has 
low  background  staining  (pale  green)  on  which  the  Fluoro-Jade  positive  cells  appear  as  bright  yellow- 
green  cell  bodies  and  processes.  These  are  relatively  easy  to  count;  we  have  good  agreement  between 
individuals  counters.  Initially  we  tried  vibratome-cut  sections,  which  have  the  advantage  of  eliminating 
the  4  days  of  post-perfusion  processing,  but  found  the  sections  inferior  to  cryostat-cut  sections. 

Our  initial  experiments  involved  dose-finding  studies  to  determine  tolerable  concentrations  of 
physostigmine  and  MK-801 .  Originally  we  had  chosen  physostigmine  because  it  is  widely  used 
experimentally  and  has  been  proposed  for  use  against  chemical  warfare  agents  (Phillippens,  1996), 
since  it  gains  access  to  the  CNS,  and  may  give  better  protection  than  pyridostigmine  (which  does  not 
as  readily  cross  the  blood  brain  barrier).  Unfortunately,  two  rats  died  when  given  physostigmine  (1 
mg/kg  or  0.3  mg/kg)  in  combination  with  MK-801  (3  mg/kg).  The  rats  that  got  either  drug  alone  (either 
0.3  mg/kg  physostigmine  or  MK-801  3.0  mg/kg)  survived.  This  suggests  that  the  combination  is 
synergistic,  although  the  numbers  are  far  too  small  to  draw  conclusions;  more  experiments  at  lower 
doses  are  needed. 

However,  in  parallel  to  the  physostigmine  study,  we  were  testing  pyridostigmine  bromide.  This 
AChEI  was  chosen  in  part  because  there  are  many  circumstances  in  which  members  of  the  military 
have  been  -  and  could  be  -  exposed  to  this  agent.  Specifically,  pyridostigmine,  was  administered  as  a 
prophylactic  agent  in  the  Persian  Gulf  War  when  there  was  danger  of  exposure  to  soman  (Golomb, 
1999).  Although  pyridostigmine  does  not  normally  cross  the  blood-brain  barrier,  it  may  well  do  so 
under  conditions  in  which  the  blood  brain  barrier  is  compromised,  such  as  extreme  stress  (Friedman,  et 
ah,  1996).  Thus,  it  might  reach  the  brain,  where  it  can  interact  with  centrally-active  NMDA 
antagonists.  Accordingly,  pyridostigmine  was  a  reasonable  alternative  to  phyosostigmine. 

The  pyridostigmine  dose  was  0. 1  mg/kg.  This  moderately  low  dose  has  been  used  in  rats 
(Domino,  1987)  and  also  in  guinea  pigs  (Berry  and  Davies,  1970),  the  latter  in  which  it  was  found  to  be 
a  “maximum  sign-free  dose”.  We  specifically  wanted  to  use  modest  doses  of  pyridostigmine  and  MK- 
801,  because  we  want  to  “model”  a  clinically  reasonable  scenario.  For  example,  most  individuals  who 
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take  clinically  effective  doses  of  pyridostigmine  do  not  have  serious  symptoms  (although  symptoms 
may  have  been  higher  in  Persian  Gulf  War  personnel  who  took  pyridostigmine,  and  its  role  in  their 
illnesses  has  not  been  ruled  out  (Golomb,  1999)).  For  this  reason,  we  chose  animal  doses  that  were 
similarly  mild.  At  this  dose,  either  alone  or  in  combination  with  MK-801,  pyridostigmine  was  not 
lethal  and,  for  the  must  part,  well-tolerated  (some  animals  did  have  transient  drooling,  but  in  some  rats 
behavioral  symptoms  (e.g.,  head  weaving)  may  have  been  less  severe  in  the  presence  of  MK-801 
(however,  often  it  was  difficult  to  quantify  the  severity  of  head  weaving.).  All  doses  of  MK-801  were 
tolerated  and  did  not  need  to  be  adjusted. 

As  shown  in  Figure  2A,  in  adult  female  rats,  saline-treated  rats  did  not  have  Fluoro-Jade 
positive  stained  cells  in  the  PC/RSC  (n=9).  Similarly,  sections  from  rats  treated  with  pyridostigmine 
alone  were  almost  uniformly  negative  (n=8)  (Figure  2B).  In  contrast,  a  high  dose  of  MK-801  (3  mg/kg) 
produced  positive  staining  throughout  the  PC/RSC.  Although  in  some  individual  rats,  pyridostigmine 
did  not  seem  to  alter  MK-801  toxicity,  (Figure  4),  in  one  study,  positive-staining  produced  by  a  low 
dose  of  MK-801  (0.3  mg/kg)  appeared  to  be  reduced  by  pyridostigmine  (0.1  mg/kg)  (n=4)  compared  to 
MK-801  alone  (n=4),  but  more  studies  need  to  be  done  to  establish  significance,  because  of  the 
response  variability.  As  reported  by  others,  young  male  rats  (P36)  were  more  resistant:  no  positive 
cells  were  seen  after  a  1  mg/kg  dose  of  MK-801,  or  after  this  dose  in  combination  with  pyridostigmine 
(0.1  mg/kg). 

We  also  tried  a  glial  stain  (GFAP)  on  the  extra  brain  sections  that  were  not  needed  for  Fluoro- 
Jade  studies,  but  have  yet  to  get  good  results  with  that  method.  However,  it  might  be  appropriate  if  we 
wanted  to  assess  neurotoxicity  at  time  points  later  than  3  days  post-exposure. 

Discussion: 

Fluoro-Jade  staining  has  proven  to  be  superior  to  vacuole  detection  for  several  reasons.  First  of 
all,  Fluoro-Jade  is  not  prone  to  false  positives,  nor  did  we  find  any  false  positive  sections  in  any  of  our 
control  (saline-injected)  rats.  This  is  consistent  with  other  reports  (Schmued  and  Hopkins,  2000).  In 
addition,  Fluoro-Jade  staining  detects  neurons  that  are  degenerating;  it  appears  to  stain  degenerating 
cells  similarly  to  the  more  difficult  sliver  degeneration  stains  (Schmued  and  Hopkins,  2000).  Thus, 
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Fluoro-Jade  may  be  staining  cells  that  will  ultimately  die.  For  this  reason,  we  have  chosen  to  use 
Fluoro-Jade  over  the  method  of  counting  vacuoles,  for  it  may  be  a  better  measure  of  toxicity. 

For  example,  not  all  vacuole-containing  neurons  are  destined  to  die.  Olney  et  al.,  (1991) 
reported  that,  after  single,  moderate  doses  of  some  NMDA  antagonists  -  the  acute  vacuole  reaction 
was  reversible,  because  neuronal  degeneration  was  not  detected  at  later  time  points.  After  high  (or 
repeated)  doses  of  NMDA  antagonists,  vacuolization  does  appear  to  be  a  sign  of  significant  damage  in 
some  cells,  because  some  neurons  in  these  areas  do  become  necrotic  when  examined  at  later  time 
points  using  other  methods  (Olney,  et.  al,  1991).  Since  our  primary  interest  is  a  drug-drug  interactions 
capable  of  producing  chronic  or  permanent  CNS  problems  (and,  since  these  are  more  likely  to  be 
produced  by  permanent  neurodegeneration)  Fluoro-Jade,  again,  seems  to  be  a  superior  method. 

We  have  focused  initially  on  the  posterior  cingulate  and  retrosplenial  cortecies,  because  these 
areas  are  the  most  sensitive  with  respect  to  NMDA  antagonist-induced  neurotoxicity,  but  we  can  also 
examine  other  anatomical  areas  in  our  sections,  in  case  different  combinations  of  drugs  cause  additional 
damage  in  other  areas.  Still,  since  the  posterior  cingulate  cortex  is  involved  in  spacial  orientation, 
memory,  and  movement  monitoring  (Vogt,  1992),  this  is  an  important  area  to  monitor.  Given  that 
memory  problems  are  common  complaints  of  ill  Persian  Gulf  War  Veterans  (Joseph,  1997),  and  the 
anatomical  basis  of  these  problems  have  not  been  elucidated,  we  should  not  rule  out  a  role  for 
cingulate  damage  in  such  conditions.  (Although,  of  course,  many  other  anatomical  areas  (e.g.,  the 
hippocampus)  subserve  memory  functions  in  humans,  and  those  areas  also  can  be  monitored  in  our 
sections.) 

There  are  several  interesting  pharmacological  issues  here.  For  example,  if  pyridostigmine  (or 
similar  compounds)  are  uniquely  protective  against  NMDA  antagonist-neurotoxicity,  then  it  may  be  a 
useful  agent  to  take  prophylactially,  especially  if  the  more  centrally-active  AChEIs  are  not  protective. 
However,  if  it  cannot  cross  the  blood-brain  barrier,  how  is  it  protecting  the  cingulate?  This  question, 
and  others,  we  hope  to  address  in  additional  studies. 

Military  Significance: 

The  health  consequences  of  this  study  for  the  military  may  be  quite  significant  (Horn,  et  al., 
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1997).  Given  that  CEIs  can  be  valuable  agents  (e.g.,  as  insecticides  in  areas  of  insect-borne  diseases) 
or  that  exposure  to  them  may  be  unavoidable  (as  in  military  or  terrorist  attacks)  it  is  important  to 
identify  potentially  dangerous  interactions  with  commonly  used  agents.  Accordingly,  if  we  find  that  a 
particular  combination  of  AChEIs  and  NMDA  antagonists  is  neurotoxic,  then  a  concerted  effort  can  be 
made  to  alert  physicians,  the  military  and  the  public  of  the  risks  of  combined  use.  However,  a  parallel 
issue  is  equally  important:  if  certain  drug  combinations  appear  to  be  tolerated,  then  there  will  be  no 
reason  to  avoid  using  these  agents  together.  This  is  important,  because  for  some  of  these  uses  (e.g., 
neuroprotection  against  soman),  there  are  few  other  alternatives.  We  should  be  reluctant  to  deprive 
individuals,  whether  military  or  civilian,  of  the  therapeutic  benefits  of  drugs  and  insecticides  (either 
alone  or  used  in  combinations),  given  the  risks  they  face  if  such  therapies  are  made  unavailable. 

Future  Studies: 

In  future  studies,  we  will  test  additional  doses  of  pyridostigmine  to  determine  if  higher  (or 
lower)  doses  can  facilitate  MK-801 -induced  neurotoxicity.  In  some  experiments  we  will  alter  the  order 
of  dosing:  pyridostigmine  will  be  given  first,  followed  in  15  minutes  by  the  MK-801.  (Based  on  our 
results  from  the  photodiode  experiments,  the  depolarizing  effect  occurs  very  quickly  after  MK-801  is 
applied  to  a  slice;  it  is  possible  that  if  the  pyridostigmine  is  present  when  this  early  depolarization  is 
taking  place,  that  there  is  more  chance  for  neurotoxicity  to  occur.)  In  addition,  we  will  re-evaluate  the 
physostigmine  doses,  then  resume  those  studies.  Then,  as  proposed,  we  will  test  other  NMDA 
antagonists,  including  drugs  most  likely  to  be  encountered  clinically:  memantine  (25,  50,  and  75 
mg/kg),  felbamate  (100,  300, 400  mg/kg),  and  dextromethorphan  (10,  20  and  50  mg/kg).  Later  studies 
will  involve  experimental  agents,  such  as  the  non-competitive  antagonists,  as  well  as  antagonists  of  the 
strychnine-insensitive  glycine  site  on  the  NMDA,  some  of  which  may  pose  less  of  a  neurotoxic  risk 
(Koek  &  Colpaert,  1990;  Auer,  1997;  Hawkinson,  et  al,  1997;  Tomitaka,  et.al,  1996) )  than  the  NMDA 
channel  blockers  (e.g.,  see  Berger,  et  al.,  1994). 
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Figure  1. 


Coronal  section  of  an  adult  female  rat  brain  section.  TOP:  The  region  of  a  Fluoro-Jade  stained 
rat  brain  section;  this  photograph  was  taken  using  light  microscopy  to  show  anatomical  details 
less  evident  in  the  other  photographs.  This  view  at  10X  magnification  is  representative 
of  the  areas  of  interest  in  this  study  (posterior  cingulate  and  retrosplenial  cortecies).  Perfusion- 
fixed  brain  tissue  was  cut  using  a  cryostat  (40  pm).  The  brown  and  orange  coloration  is  due  to 
potassium  permanganate  staining,  (calibration  bar  =  32  pm)  Bottom:  Drawing  representing  a 
coronal  rat  brain  section  that  includes  retrosplenial  cortex  (-3.3  to  the  bregma).  The  boxed  area 
approximates  the  region  that  was  used  to  quantify  Fluoro-Jade  staining  in  the  treatment  groups. 
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Figure  2.  Fluoro-Jade  staining  of  a  coronal  brain  section  showing  the  posterior  cingulate 
region  of  an  adult  female  rat.  Fixed  brains  were  cut  with  a  cryostat  (40  pm)  and  stained.  The 
sagittal  sinus  is  oriented  vertically  in  this  image  and  is  located  on  the  left  side  of  each 
photograph.  Three  days  following  treatment  with  saline  or  pyridostigmine  bromide,  no 
neurodegeneration  is  evident.  Note  in  both  photographs  the  wide  band  of  lightly  staining  cells 
(running  vertically  along  the  center).  These  are  lightly  staining  cells  Fluoro-Jade  negative  (i.e., 
healthy  cells)  in  layer  II.  Both  photographs  were  taken  at  20X  magnification;  the  bars  on  each 
photograph  correspond  to  16  pm.  A.  Control  animals  were  injected  with  0.9%  saline  s.c. 

(1  ml/kg).  B.  Rats  exposed  to  pyridostigmine  bromide  were  given  sc  injections  at  a 
concentration  of  0.1  mg/kg  (in  a  volume  of  1  ml/kg). 
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Figure  3. 

Fluoro-Jade  staining  of  coronal  brain 
sections  of  PC/RSC  region  from  an  adult 
female  rat  that  was  sacrificed  three  days 
following  exposure  to  high-dose  MK-801 
(3.0mg/kg,  sc).  Bright  yellow  cells  are 
Fluoro-Jade  positive  degenerating 
neurons;  lightly  stained  cells  are  not 
degenerating.  A.  A  survey  of  the 
cingulate  region  at  10X  magnification 
demonstrates  extensive 
neurodegeneration  on  either  side  of  the 
sagittal  sinus.  (Calibration  bar  =  32pm). 
B.  A  20X  magnification  of  the  right  side 
of  photograph  in  A.  (Calibration  bar  = 
16pm).  The  sagittal  sinus  is  vertically 
oriented  to  the  left  of  the  photograph. 


A  B 

Figure  4. 

Fluoro-Jade  staining  of  the  PC/RSG  region  in  a  coronal  section  from  an  adult  female  rat  exposed 
to  MK-801  and  pyridostigmine  bromide.  Three  days  following  exposure  to  MK-801  (0.3mg/kg 
sc)  and  pyridostigmine  bromide  at  (0.1  mg/kg  sc),  the  rat  was  sacrificed,  perfusion- fixed;  coronal 
sections  were  cut  at  40pm  with  a  cryostat  and  stained  with  Fluoro-Jade.  The  sagittal  sinus  is 
oriented  to  the  top  in  each  photograph.  Bright-yellow  Fluoro-Jade  positive  cells  are  clearly 
evident.  A.  A  20X  magnification  exhibits  both  the  lightly  staining  cells  in  layer  II  as  well  as  the 
strong  Fluoro-Jade  positive  cells  in  layer  III.  (Calibration  bar  =16  pm).  B.  A  40X 
magnification  reveals  the  morphology  of  positive  staining  cells  in  the  deeper  layers.  (Calibration 
bar  =  8.0  pm). 
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Fluoro-Jade  Positive  Cells  per  section  Fluoro-Jade  Positive  Cells  per  section 
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Fluoro-Jade  Positive  Cells  in  Adult  Female  Rats 


Control  Pyridostigmine  Br  MK-801  MK-801  +  Pyridostigmine  Br 


Figure  5:  Fluoro-Jade  Positive  Cells  in  the  Posterior  Cingulate  and  Retrosplenial 
Cortecies  of  adult  females  rats.  Rats  were  treated  with  s.c  doses  of  saline  (Control), 
pyridostigmine  (0.1  mg/kg),  MK-801  (0.3mg/kg),  or  both  pyridostigmine  (0.1  mg/kg)  plus 
MK-801  (0.3  mg/kg).  Bars  plot  average  number  of  cells/section  +/-  SEM. 
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Key  Research  Accomplishments 

1.  Blockade  of  N-methyl-D-aspartate  (NMD A)  receptors  can  cause  neurodegeneration  in  certain 

areas  of  the  brain.  It  has  been  hypothesized  that  a  decrease  in  the  excitatory  drive  to 
intemeurons  caused  by  NMDA  antagonists  could  result  in  disinhibition  to  the  principal 
cells  and,  in  turn,  this  disinhibition  (resulting  in  hyperexcitability)  might  be  responsible 
for  neurotoxicity  or  neuronal  degeneration.  We  have  shown  that  this  hypothesis  can  be 
tested  in  vitro. 

2.  We  examined  the  effects  of  the  NMDA  receptor  antagonist,  MK-801,  on  GABAA-mediated 

inhibitory  post-synaptic  currents  (IPSCs)  of  pyramidal  neurons  in  the  retorsplenial  cortex 
(RSC),  an  area  showing  great  sensitivity  to  MK-801 -induced  neuronal  death.  Using 
whole-cell  patch  clamp  techniques,  bicuculline-sensitive  IPSCs  were  isolated  and 
recorded  from  biocytin-labeled  pyramidal  neurons  in  the  RSC  and  parietal  cortex  (Par)  of 
rats  (PI  4-25).  Morphology  of  pyramidal  cells  filled  with  biocytin  revealed  that  pyramidal 
cells  recorded  in  all  layers  send  a  long  apical  dendrite  toward  the  pia.  In  addition,  these 
pyramidal  cells  also  have  a  massive  axonal  arborization. 

4.  At  holding  potentials  of  -5  to  +30  mV,  bath  application  of  MK-801  (10-40pM)  caused  a 

concentration-dependent  decrease  in  frequency  of  spontaneous  IPSCs  in  the  majority  of 
recorded  pyramidal  cells;  MK-801  also  reduced  the  amplitude  of  evoked  GABAa 
receptor-mediated  IPSCs  in  pyramidal  neurons  recorded  in  layer  II- VI. 

5.  When  compared  to  pyramidal  neurons  in  the  parietal  cortex,  MK-801  showed  a  greater 

inhibitory  effect  on  IPSCs  in  the  RSC. 

6.  In  the  presence  of  0.5  pM  tetrodotoxin  (TTX),  the  amplitude  and  frequency  of  the  mini-nature 

IPSCs  (mIPSCs)  were  not  affected  by  bath  application  of  MK-801  (40  pM),  indicating 
that  MK-801  exerts  its  inhibitory  effect  on  IPSCs  through  an  action  potential  dependent 
mechanism. 

7.  Taken  together,  the  results  from  patch-clamp  recording  suggest  that  NMDA  receptors  regulate 

GABA  release,  and  blockade  of  NMDA  receptors  causes  a  region-specific  decrease  in 
inhibitory  synaptic  transmission  to  pyramidal  cell.  This  effect  may  be  via  presynaptic 
mechanisms  that  may  suppress  excitatory  drive  to  inhibitory  intemeurons  and  therefore 
could  promote  region-specific  neurotoxicity. 

8.  Fluoro-Jade  staining  shows  that  MK-801  (0.3-3  mg/kg)  alone  causes  dose-dependent 

neurodegeneration  in  the  posterior  cingulate  gyrus  or  retrosplenial  cortex  in  adult  female 
rats.  This  is  seen  3  days  after  a  single  s.c.  injection  of  MK-801,  suggesting  that  more 
degeneration  than  previously  though  occurs  after  a  single  low  dose  of  MK-801. 

9.  Fluoro-Jade  staining  shows  that  pyridostigmine  bromide  PB  (0. 1  mg/kg)  alone  does  not  cause 


82 


neurodegeneration  in  the  posterior  cingulate  gyrus  or  retrosplenial  cortex.  In  addition,  at 
this  low  dose  of  PB,  there  does  not  appear  to  be  any  gross  enhancement  of  low-dose 
(3pM)  MK-801  -induced  neurodegeneration.  In  selected  animals,  PB  may  be  slightly 
protective,  more  studies  must  be  done  to  carefully  evaluate  this  preliminary  result. 

10.  Photodiode  images  of  voltage-sensitive  dye-treated  slices  show  brain  slices  from  adult  female 

rats  can  survive  in  our  in  vitro  system  and  will  be  useful  to  explore  neurotoxic 
mechanism  of  NMD  A  antagonists  and  the  effect  of  co-exposure  to  AChE  inhibitors. 

11.  Photodiode  imaging  shows  that  in  cingulate/retrosplenial  cortical  slices  from  adult  female 

rats,  MK-801  (3  pM)  enhances  evoked  depolarizations. 

12.  Photodiode  imaging  shows  that  in  cingulate/retrosplenial  cortical  slices  from  adult  female 

and  young  male  rats,  pyridostigmine  bromide  (100  pM)  inhibits  evoked  depolarizations. 
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Reportable  Outcomes: 

Abstracts:* 

The  following  two  abstracts  are  for  presentations  at  the  Society  for  Neuroscience  Annual 
Meeting  (Nov.  4-9th,  2000). 

1.  MK-801,  an  NMD  A  Receptor  Antagonist,  Modulates  the  inhibitory  postsynaptic 
currents  (IPSCs)  in  Pyramidal  Neurons  in  the  Cingulate  Cortex  of  Rats.  Q.  Li,  S.  Clark, 
W.A.Wilson,  D.V.  Lewis. 

2.  Effects  of  N-methyl-D-aspartate  (NMDA)  Antagonists  &  Acetylcholinesterase 
Inhibitors  (AChEIs):  Fluoro-Jade  Staining,  Behavior,  &  Photodiode  Array  Imaging.  S. 
Clark,  Y.  D.  Phillips,  C.  Wang,  A.  K.  Shetty,  V.  Zaman,  K.  H.  Jones,  W.A.  Wilson. 

*Copies  of  the  abstracts  are  provided  in  the  Appendicies. 
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Conclusions: 


At  the  end  of  one  year  of  work,  we  are  pleased  to  have  shown  that  we  can  use 
sophisticated  electrophysiology,  voltage-sensitive  dye  imaging,  and  state-of-the-art 
neurohistology  to  study  the  effects  of  NMD  A  antagonists  and  anticholinesterase  agents  on 
discrete  brain  areas. 

As  described  above,  our  first-year  work  shows  that  NMDA  antagonists  do  suppress 
synaptic  inhibition  in  principle  cells  of  the  cingulate/retrosplenial  cortex  gyrus.  This  action,  seen 
in  single  cells  with  whole  cell  patch  recording,  is  the  first  electrophysiological  study  which 
shows  a  potential  basic  mechanism  underlying  the  neurotoxicity  of  NMDA  antagonists  at  the 
single  cell  level. 

Our  use  of  a  photodiode  array  to  sense  voltage  changes  in  cells  treated  with  a  voltage 
sensitive  dye  has  proven  to  be  a  powerful  tool  for  studying  the  effects  of  NMDA  antagonists  and 
an  anticholinesterase  on  cell  populations  in  the  cingulate/retrosplenial  area.  We  showed,  as 
expected  that  the  NMDA  antagonists  produced  population  excitability.  We  were  stunned  to  find 
that  the  anticholinesterase  did  not  increase  the  excitability,  but  in  fact,  reduced  it.  This  data  is 
counter  to  our  original  hypothesis,  but  may  prove  very  important. 

Finally,  we  performed  histological  studies  with  the  dye  Fluro-Jade  to  look  for 
neurotoxicity  following  treatment  with  NMDA  antagonists  and  pyridostigmine.  Again  these 
studied  confirmed  that  the  NMDA  antagonist  MK-801  was  toxic,  but  we  were  surprised  to  find 
that  pyridostigmine  did  not  enhance  the  toxicity,  but  perhaps  suppressed  it. 

So  what  does  this  mean?  Studies  that  deal  with  the  toxic  effects  of  NMDA  antagonists  in 
this  brain  area  show  that  the  toxicity  is  enhanced  by  muscarinic  cholinergic  agents  and 
suppressed  by  muscarinic  cholinergic  antagonists.  So,  how  could  pyridostigmine  be  protective? 
Two  explanations  seem  possible.  First,  pyridostigmine  might  have  properties  that  have  nothing 
to  do  with  suppression  of  cholinesterase  activity.  Second,  pyridostigmine  might  be  raising  the 
level  of  acetylcholine  at  nicotinic  receptors  and  thus  providing  neuroprotection. 

We  believe  that  this  surprising  effect  of  pyridostigmine  must  be  addressed  in  our  second 
year  of  research.  We  will  examine  other  anticholinesterase  agents  and  we  will  treat  slices  with 
nicotinic  antagonists.  These  experiments  will  give  us  clues  to  the  origin  of  the  pyridostigmine 
protective  effect. 

In  summary,  we  feel  we  have  made  great  progress  in  setting  up  the  systems  to  carry  out 
electrophysiology,  imaging,  and  histology.  Moreover  we  have  achieved  successful  and 
publishable  experiments  with  greater  speed  than  we  could  have  reasonably  expected.  Best  of  all, 
we  have  results  that  suggest  a  path  toward  understanding  why  pyridostigmine  might  be 
neuroprotective  and  how  to  develop  more  effective  neuroprotective  strategies. 
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Appendices: 

Two  abstracts  and  one  manuscript  are  attached. 
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Abstract  View 

MK-801,  A  NMDA  RECEPTOR  ANTAGONIST,  MODULATES  THE  INHIBITORY 
POSTSYNAPTIC  CURRENTS  (IPSCS)  IN  PYRAMIDAL  NEURONS  IN  THE  CINGULATE 
CORTEX  OF  RATS. 

0.  Li*;  S.  Clark;  W.  Wilson;  D.V.  Lewis 

Dept,  of  Ped.Neurology.,  Pharmacol,  and  Can.  Bio.,  DUMC  and  Neurology  Research,  VAMC., 
Durham,  NC, 

iV-methyl-D-aspartate  (NMDA)  antagonists  can  be  neurotoxic  and  the  most  sensitive  areas  are  the 
posterior  cingulate  (PS)  and  the  retrosplenial  cortex  (RSC)(01ney  et  al,  1991).  Anatomical  evidence 
suggests  that  the  toxic  mechanism  may  be  a  complex,  disinhibitory  process,  but  no  direct 
electrophysiological  evidence  exists.  We  report  here  such  evidence.  We  examined  the  effects  of 
MK-801,  a  NMDA  receptor  antagonist,  on  the  GABAA-mediated  IPSCs  of  pyramidal  neurons  in  the 

RSC.  Using  whole-cell  patch  clamp  techniques,  bicuculine-sensitive  IPSCs  were  isolated  and  recorded 
from  biocytin-labeled  pyramidal  neurons  in  the  RSC  and  parietal  cortex  (Par)  of  rats  (P14-P25).  At  the 
holding  potential  of  +30  mV,  outward  post-synaptic  currents  were  observed.  Bath  application  of 
MK-801  (10-40pM)  caused  a  dose-dependent  decrease  in  frequency  of  spontaneous  GABAa  IPSCs  in 

85%  of  recorded  neurons;  the  amplitude  of  evoked  GABAa  IPSCs  was  also  reduced  by  MK-801. 
However,  MK-801  showed  a  much  less  inhibitory  effect  on  GABAa  IPSCs  of  pyramidal  neurons  in 

the  Par.  With  0.5pM  tetrodotoxin  (TTX),  the  amplitude  and  frequency  of  the  miniature  IPSCs  were  not 
significantly  affected  by  MK-801  (40pM).  These  results  suggest  that  NMDA  receptor  blockade  causes 
a  decrease  in  inhibitory  synaptic  transmission  to  pyramidal  neurons;  this  effect  may  be  due  to 
suppression  of  excitatory  drive  to  the  inhibitory  intemeurons  and  could  therefore  promote 
neurotoxicity. 

Supported  by:  DOD  (DAMA17-99-1-9541)  and  NIH  (DA-06735)  grants. 
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Itinerary  View  Abstract 


http  ://sfn.  ScholarOne.  com/itin/main.html?new_page_id"-7  6&abstract_id- 1 2908&is_tech-0 


Abstract  View 

EFFECTS  OF  iV-METHYL-D- ASPARTATE  ANTAGONISTS  AND 
ACETYLCHOLINESTERASE  INHIBITORS:  FLUORO-JADE  STAINING,  BEHAVIOR, 

AND  PHOTODIODE  ARRAY  IMAGING. 

S.  Clark*:  Y.D.  Phillips;  C.  Wang;  A.K.  Shetty;  V.  Zaman;  W.A.  Wilson 

VA  Neurol,  Research  &  Duke  Depts.  Pharmacol.  &  Cancer,  Biol.  &  Neurosurg.  Veterans  Admin. 

Med  Cntr.,  Durham,  NC,  USA 

NMDA  antagonists  (e.g.  MK-801  &  phencyclidine)  produce  neurotoxicity  in  the  posterior  cingulate 
(PC)  &  retrosplenial  gyrus  (RSG)  (Olney  et  al.  '89).  This  is  exacerbated  by  the  cholinergic  agonist 
pilocarpine  (Corsco,  et  al.  '91).  Do  AChEIs  exacerbate  this  neurotoxicity?  Such  an  interaction  may 
have  clinical,  environmental,  and  military  importance. 

This  interaction  was  studied  using  behavioral  monitoring  and  Fluoro-Jade  (F-J)  (a  fluorochrome 
that  detects  degenerating  neurons-  including  injury  by  NMDA  antagonists  (Schmued  &  Hopkins, '00)). 
Adult  female  rats  were  treated  with  MK-801  (0.3-3mg/kg)  ±  physostigmine  (lmg/kg)  or 
pyridostigmine  (0.  lmg/kg),  monitored  3  hours,  allowed  to  recover  for  3  days,  perfusion-fixed,  and 
cryostat-sectioned  (40  (am).  In  the  PC/RSG,  dose-dependent  positive  F-J  staining  was  seen  after 
MK-801  alone.  Alone,  AChEIs  did  not  cause  positive  F-J  staining  and  AChEIs  had  no  effect  on 
toxicity  of  high-dose  MK-801.  However,  pyridostigmine  reduced  toxicity  of  low-dose  (0.3)  MK-801 
(ave.  F-J  +cells  per  PC/RSG  region/section:  21.7  (MK-801)  v,s.  2.2  (MK-801+pyridostigmine).  Results 
of  behavioral  tests  paralleled  histopathology.  Neurotoxic  mechanisms  were  explored  in  vitro  in 
PC/RSG  slices  using  a  photodiode  array  and  voltage-sensitive  dye  to  monitor  evoked  activity.  In  slices 
with  PC/RSG,  evoked  depolarizations  were  enhanced  by  bath-applied  MK-801  (10pM);  AChEIs  did 
not  increase  this.  Thus,  AChEIs  have  more  complex  interactions  with  NMDA  antagonists  than  direct 
cholinergic  agonists  such  as  pilocarpine  (but  by  as-yet  unknown  mechanisms).  DAMD 17-99- 1-9541; 
Durham  VAMC  IMR-ClarkOl;  NIH-NS36741. 
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